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Abstract

Acute lymphoblastic leukaemia (ALL) is the most common type of cancer in children. During ALL
treatments, general anaesthetics are often used on patients undergoing painful procedures. General
anaesthetics have been shown to influence cancer cell biology in solid cancer models. However, no
study has been published regarding the effects of anaesthetics on leukaemia. To further our
understanding, the objective of this thesis is to compare the effects of two commonly used general

anaesthetics (intravenous: propofol and inhalational: sevoflurane) on ALL in vitro and in vivo.

Propofol and sevoflurane reduce proliferation, CXCR4 expression, osteopontin (OPN) secretion and
migration of leukaemia cells in vitro. In addition, both anaesthetics reduce homing and migration of
leukaemia cells in vivo. Upon further investigation, hypoxia-inducible factor-1 alpha (HIF-1a) is
responsible for induced molecular changes in leukaemia cells. HIF-1a is reduced by propofol in a dose-
dependent manner, and its effect is relatively short-term (<24 hours). On the other hand, HIF-1a is
inhibited by sevoflurane in a time-dependent manner with more sustainable effects lasting more than
24 hours. The reduction of HIF-1a expression by propofol is likely due to the inhibition of the
phosphorylation of ERK and AKT. Sevoflurane only decreases the phosphorylation of ERK.
Chemoresistance study reveals both propofol and sevoflurane enhance the cytotoxic effect of the
chemotherapeutic agent (Ara-C). Both anaesthetics are shown to potentiate caspase-based apoptotic

pathways when given together with Ara-C to leukaemia cells.

In addition to HIF-1a, OPN is shown to regulate anaesthetic induced molecular changes in leukaemia
cells in vitro. Upon further investigation, OPN forms an auto feedback loop with HIF-1a in leukaemia
cells, regulating CXCR4 expression, migration and chemoresistance of leukaemia cells in vitro.

In summary, our data demonstrate both propofol and sevoflurane may potentially reduce the

malignancy of ALL.
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Acute lymphoblastic leukaemia (ALL) is a common cause of death before the age of 20 in children with
cancer. Although the cure rate for paediatric cases is high (>95%), adult patients still have a poor
prognosis. Diagnosis and treatment of ALL consist of multiple stressful and painful procedures (bone
marrow (BM) biopsy, BM aspiration and intrathecal chemotherapy). Therefore, the use of
anaesthetics is commonly needed for patients. Generally speaking, general anaesthesia is used for
most paediatric cases and some adult patients, as general anaesthetics can induce a state of deep
sedation and unconsciousness. However, the choice of general anaesthesia technique (inhalational or
intravenous (IV)) is entirely down to clinicians without formal guidance indicating which method is
beneficial to patient outcomes.

Several reports have been published*® describing how total intravenous general anaesthesia is
beneficial to patients with solid cancer, whereas inhalational general anaesthesia worsens patient
outcome. The aim of my PhD is to investigate whether two general anaesthesia techniques (IV and
inhalational) affect the malignancy of ALL in vitro and in vivo. In addition, we want to explore the
underlying molecular mechanisms.

We propose to treat leukaemia cells with either propofol (an IV general anaesthetic) or sevoflurane
(an inhalational anaesthetic) followed by evaluation of 5 aspects of leukaemia malignancy. Well
established animal models are used in this study. An overview of the research is illustrated in Figure
1.1. Initially, we studied the effects of general anaesthetics on the proliferation of ALL cells, and we
found both general anaesthetics reduced proliferation.

Next, we studied cell viability, migration and homing of ALL cells after general anaesthetic exposure.
Migration and homing are vital for cancer cell survival in vivo. Migration is responsible for translocating
cells to desired locations with optimal growth conditions, whereas homing describes the process of
engraftment of ALL cells in the BM. Poor homing leads to early cell death and failure in disease
induction. General anaesthetics do not affect cell viability. However, migration and homing of ALL are
significantly reduced by general anaesthetics in vitro and in vivo.

We also focused on the chemoresistance, which is the most substantial challenge for ALL treatment.
Our data show that general anaesthetics sensitise ALL cells to chemotherapy.

Finally, our data and existing literature suggest HIF-1a is a primary target of general anaesthetic
induced changes in solid and non-solid cancer cells. In addition, we also identified an auto feedback
loop between HIF-1a and osteopontin in ALL cells. According to our data, this novel pathway can

regulate migration and chemoresistance of ALL cells.
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Propofol and Sevoflurane

Proliferation Cell viability Migration Homing Chemoresistance
Chapter 5 Chapter 5 Chapter5and6  Chapter5 Chapter 7

Molecular mechanisms

HIF-1a Osteopontin
Chapter 4 Chapter 6 and 7

Figure 1.1 Overview of the PhD thesis

In this thesis, the effects of propofol and sevoflurane are evaluated on 5 aspects of leukaemia
malignancy. The effects on proliferation, cell viability, migration and homing are included in chapter
5. Migration is discussed in chapter 5 and 6. Chapter 7 illustrates the effect of anaesthetics on the
chemoresistance of leukaemia cells. HIF-1a and osteopontin are found to mediate anaesthetic
induced effects in leukaemia cells. Chapter 4, 6 and 7 illustrate these mechanisms.
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2.1 Acute Lymphoblastic Leukaemia

ALL is most commonly found in children, and it is relatively rare in adults. In children, ALL has an
excellent prognosis. However, adults with ALL usually have a 50% chance of survival. Chemotherapy
and targeted therapy are the current treatment options. However, chemoresistance is still the major
challenge for ALL treatment, so there is a pressing need for innovative ways to reduce

chemoresistance and improve the survival rate of ALL.

2.2 ALL epidemiology, aetiology, subtypes and prognostic factors

Leukaemia is the cancer of the blood. More specifically, it is the uncontrolled growth of a particular
lineage of blood cells. ALL is a subtype characterised by overgrowth of lymphoblasts, and it manifests
in a very rapid manner (6 months from initial symptoms to death).

In this section, | will cover four essential topics for ALL: epidemiology, aetiology, subtypes and

prognostic factors.

2.2.1 Epidemiology

ALL is the most common type of cancer in children and a common cause of death before the age of
20 in children with cancer. It has the peak incidence occurring from the age of 2 to 5. Every year,
around 6000, new cases of ALL are diagnosed in the US, and over 60% of them are younger than 20
years old®. In the UK, around 400 new cases are diagnosed. Incidence rate of ALL varies significantly
according to genders and ethnic groups. For example, Hispanics have higher incidence rate than any
other ethnic groups®® and more boys are affected by ALL than girls before the age of 20 (boys: girls =
55%:45%)"7),

2.2.2 Aetiology

ALL is a disease with mutations in somatic genes. Usually, ALL is not hereditary but some individuals
may inherit genetic abnormalities that increase their risks of developing ALL. Broadly speaking, ALL
comprises multiple entities with distinct constellations of somatic genetic alterations including
aneuploidy (changes in chromosome number), chromosomal rearrangements, deletions and gains of
DNA, and DNA sequence mutations®. The current proposed sequential acquisition of genetic
alterations contributing to the pathogenesis of ALL include three stages: predisposition, initiating
translocation and secondary mutations.

Predisposition: Mounting evidence indicates the development of ALL starts from the prenatal period
with neonatal and infancy promotion(® 82, Risks associated with pre-natal period come from inherited

gene variants which contribute to the intrinsic vulnerability of precursor blood cells. In addition,
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transforming events that occur during the neonatal and infancy period enable the clonal evolution of
ALL cells in BM®. The common genetic variants at diagnosis including IKZF1, ETV6-RUNX1 (also known
as TEL-AML1), CEBPE and ARID5B. Relatively rare mutations are pAx5 and TP53. However,
predisposition of genetic abnormalities alone cannot give rise to ALL later in life. For example,
screening of neonatal cord-blood samples reveals the presence of the TEL-AML1 fusion gene in 1% of
all new-borns. However, this frequency is 100 times higher than the prevalence of ALL defined with
this fusion*?, suggesting additional disease-related events occur in the neonatal and infancy period.
Initiating translocations: Initiating lesions are acquired in lymphoid progenitors, and they are vital in
initiating the disease. Common abnormalities affect self-renewal, developmental arrest, epigenetic
reprogramming and proliferation of progenitors.

Secondary mutations: Secondary mutations and structural genetic alterations contribute to an arrest
in lymphoid development and perturbation of multiple cellular pathways. Secondary mutations are
associated with the progression of the initial disease. These mutations include TP53-retinoblastoma
protein tumour-suppressor, Ras, phosphatidylinositol 3-kinase (P13K), and JAK-STAT signalling and
nucleoside metabolism™* 2, Some genetic factors are associated with the occurrence of ALL, e.g.

Down’s syndrome!*3®), but most cases have no recognised causes.

2.2.3 Subtypes

There are many ways to classify ALL. ALL can be of B-cell or T-cell lineage. However, to aid clinical
management and prognosis of the disease, ALL is mainly stratified via chromosomal alterations and
genetic mutations.

Hyperdiploidy: The subtype of hyperdiploidy (>50 chromosomes), due to abnormal chromosome
gains, comprises around 25-30% of children with B-cell ALL®). Patients with this subtype have an
excellent response to chemotherapy.

Hypodiploidy: The subtype of hypodiploidy (<44 chromosomes), which only occurs in 2-3 % of patients
is a strong negative prognostic factor™¥.

Chromosomal translocation: There are two major classes of chromosomal translocations. The first
class translocates oncogenes into actively transcribed genes, which in turn cause disruptions in the
expression of an existing protein. Examples include rearrangement of cytokine receptor-like factor 2
(CRLF2) and erythropoietin receptor (EPOR) genes in B-cell ALL*> 9 The second primary class of
translocations combines two genes to encode a chimeric protein which has different functions to
previously derived genes. One classic example is the fusion of ETV6-RUNX1 (also known as TEL-AML1)

which fuses two hematopoietic transcription factors®. Another example is the t(9;22)(q34;q11.2)
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translocation that results in the formation of the Philadelphia (Ph) chromosome which encodes BCR-
ABL1 protein. Patients with Ph ALL usually have poor prognoses'’.

Others: Apart from classification, according to lineage and chromosomal alteration, several subtypes
of ALL do not have single defining chromosomal alternations. But they are defined by other
pathological and genomic features. An example is Ph-like ALL. Patients with this particular subtype

have leukaemia cell gene expression similar to patents with Ph-positive ALL, but they lack BCR-ABL1

protein*®),

2.2.4 Prognostic factors

Significant prognostic factors of ALL include followings: clinical feature of patients, biological and
genetic feature of leukaemia cells and early response to treatment. Among these factors, early
response to treatment is by far the most accurate predictor for outcome.

Clinical feature: the age of patient and initial white blood cell counts are important predictors for
outcome. Those patients who have a relatively old age (> or = 10) and a high white blood cell count (>
or = 50000/mm?3) at diagnosis are associated with a poor treatment response and a high rate of
relapse.

Immunophenotype: The cell-surface and cytoplasmic expression of lineage markers classify ALL into
B cell and T cell ALL. In children, B cell ALL is the most common subtype (more than 85%)®. Historically,
children with T cell ALL had inferior survival rate than those with B cell ALL. However, cell lineages do
not provide much prognostic value to disease stratification apart from being reminiscent to lymphoid
lineage.

Genetic features: High hyperdiploidy and ETV6-RUNX1 genetic fusion are associated with favourable
outcomes®. Hypodiploidy, MLL rearrangement, BCR-ABL1, Ph-like ALL are associated with poor
outcomes®.

Early response to treatment: This is the most powerful prognostic factor in ALL®®. The treatment
response can be easily measured by polymerase-chain-reaction (PCR) amplification of IGH or TCR gene
rearrangements. Otherwise, the response can also be measured by flow cytometry detection of
surface antigens'??), If a patient has a level of minimal residual disease (MRD) greater than 0.01% at

the end of induction therapy, the risk of treatment failure and death increases by 3 to 5 times?),

2.3 Acute lymphoblastic leukaemia treatments

Treatments of ALL have evolved dramatically over the last few decades. Intensive chemotherapy and
disease stratification have turned the ALL from a disease of 100% death rate prior to 1950s to a disease

which is treatable in a large proportion of patients today. In this section, a brief history of ALL
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treatment is given firstly, followed by a discussion of the contemporary therapy. Then, new strategies

in ALL management are illustrated. Finally, | describe the role of anaesthetics in leukaemia treatment.

2.3.1 History of therapy

In the early 19*" century, a small number of cases of patients with uncommon alterations in blood cells
were reported across Europe. Reported cases had significant age differences and involved both
sexes®??. Of all cases, two of those might suggest symptoms of leukaemia. It was not until March 1845,
John Hughes Bennett (an English physician) made the first description of leukaemia as a blood disorder
in contrast to the belief of pus and inflammation of blood cells at that time(??. In 1857, the first acute
leukaemia (first time the term was used) case was described by Nikolaus Friedreich, a pathologist in
Wurzburg??. The short time between the presentation of symptoms and death of the patient granted
the name of “acute leukaemia”??. Towards the end of the 19" century, clinicians were able to identify
the basic cell lineage and subtypes of leukaemia were named®??. In the late 19" century, leukaemia
was generally accepted as a chronic disease, and very limited therapeutic means were available to
physicians. Those primitive treatments included quinine used for fever, morphine and opium used for
diarrhoea and pain, iron for anaemia, some anti-bacterial and arsenic were also used®?. However, the
efficacies of these remedies were limited, and the deaths of patients were unavoidable. The first

treatment that showed some promising results was the use of X-ray®.

Unfortunately, X-ray
treatment was later concluded to be only effective on patients with chronic leukaemia and some
lymphomas, but it remained ineffective on all acute leukaemia patients.

The first description of temporary remission of leukaemia induced by folic acid antagonist and 4-
aminopropyl-glutamic acid was reported in 1948?%, but acute leukaemia remained invariably fatal
until the 1960s. The first milestone in ALL treatment was the introduction of vincristine (an extract
from the periwinkle plant) in the 1960s, which showed excellent results when given to children with
ALL; 60% of them achieved remission, and the incidence of remission was then further increased to
90% when vincristine was combined with prednisone®®. In the late 1960s, cranial radiations and
intrathecal therapy were used prophylactically to treat potential disease in the central nervous system
(CNS). Prophylactic CNS treatment dramatically increased the survivability of ALL patients in 1970s.
After 1980s, clinicians and scientists started focusing on stratifying ALL according to the clinical
features of patients and biologic characteristics of the leukaemia cells. Thanks to stratification, the
survival rate of ALL patients in children has reached 90%?°.

Entering the 21st century, we saw the incorporation of the molecularly targeted tyrosine kinase

inhibitor, imatinib mesylate, being used for treatment of patients with Ph ALL. In addition, clofarabine

is also being used for patients with recurring ALL"?®.
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2.3.2 Contemporary therapy

Contemporary therapy of ALL involves several discrete phases. The induction therapy lasts 4 to 6
weeks, and a combination of chemotherapeutic agents are used (prednisone, vincristine and so on).
With the development of this chemotherapy protocol over the last 60 years, almost all patients
achieve remission, but relapse occurs virtually in all cases if no further therapy is given.

The consolidation phase involves the intensive combination of chemotherapy that is designed to
prevent the development of leukaemia cells invading into the CNS. The whole phase lasts 6 to 8
months. Repeated courses of high dose methotrexate are administrated to patients over 24 hours
followed by the use of folinic acid, mitigating the side effects of high dose methotrexate.

The maintenance phase consists of low-intensity antimetabolite-based medications for 18 to 30
months. Oral medications include mercaptopurine and methotrexate with some additional regimens
of vincristine in some cases. The oral medication brings the problem of adherence. Evidence indicates
patients with the adherence rate lower than 90% are 4 times more likely to have relapses'?”),
CNS-directed therapy, e.g. cranial irradiation, dramatically improved the survival rates in patients in
1960s. However, cranial irradiations are associated with many complications, e.g. risk of secondary
tumours, delayed growth in children, endocrinopathies and neurocognitive deficiencies®®. In
addition, with contemporary chemotherapy, survival rates are similar with or without cranial

irradiation?®. Consequently, the current role of CNS irradiation is controversial.

2.3.3 Challenge and new strategy

Chemoresistance is the major challenge for modern-day treatment. It occurs in 15 to 20% of children
with ALL and 50 to 60% in adult patients. Most importantly, the cure rate is much lower after
relapses'®. Factors associated with unfavourable prognosis at relapse include the time to relapse (the
shorter i.e. within 2 years, the worse prognosis), certain immunophenotype (e.g. T-ALL) and the site
of relapse. Leukaemia cells may reoccur from either the BM or from extramedullary space with the
latter being rarer (11%) but achieving a better prognosis®?). After the first relapse, most patients enter
a second remission with the chance for cure around 50%. If relapse occurs again after the second
remission, the chance of achieving a third remission is dramatically reduced to 50% to 70%. Those who
achieve a third remission have only 20% to 30% chance of survival.

The mechanism by which ALL relapses after remission is still under investigation. The current proposed
model is somewhat similar to bacterial resistance to antibiotics. At diagnosis, ALL cells are commonly
genetically polyclonal. Initial therapy eliminates clones that are more proliferative predominant,
leaving subclones which are insensitive to chemotherapy. Those subclones then harbour or acquire

mutations that enable them to be resistance to chemotherapeutic agents. Essentially, chemotherapy
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selects drug resistance mutations and promotes resistance. Leukaemia cells obtained from patients
with an early relapse show these cells have already developed mutations that decrease sensitivity to
chemotherapy®Y. Those common mutations include CREBBP (resistance to glucocorticoids)®®Y, NT5C2
and PRPS1 (resistance to thiopurines)®%33),

In order to improve the outcome for patients with relapse(s), allogeneic hematopoietic cell
transplantation is used. Transplantation is not usually recommended for primary therapy. Only 5% to
10% of patients in the very high-risk group is considered for allogeneic hematopoietic-cell
transplantation. Assessment of MRD is required to determine whether patients are suitable for
transplantation during therapy for a second remission®%.

Targeted therapy: With the development of targeted therapies in cancer, we are entering a new era
of treating ALL. The first successful targeted therapy in leukaemia was using tyrosine kinase inhibitors
(imatinib, introduced clinically since 2001) on patients with chronic myeloid leukaemia (CML), a cancer
driven by BCR-ABL1 fusion oncoprotein®. The effectiveness of imatinib completely changed the
treatment landscape of CML. CML treatment used to consist of intensive treatment and stem cell
transplantation. However, after the introduction of imatinib, CML became a successfully managed
chronic disease with oral medications®. Still, 33% of patients do not achieve an optimal response with
imatinib®®. Two major resistance mutations, £255K and T315/, were identified on BCR-ABL 1 kinase
domain®®). Those two mutations render the shape change of binding domains for imatinib on BCR-
ABL 1 kinase!®®.

After the successful introduction of imatinib in CML, it is applied to patients with Ph ALL which is also
driven by BCR-ABL 1 fusion protein. Before the use of imatinib, the survival rate of Ph ALL was 50% in
children and 20 to 30% in adults. With the help of imatinib, the survival rate increased dramatically
and potentially minimised the need for hematopoietic-cell transplantation®.

Ph-like ALL has similar BCR-ABL 1 kinase mutation but has an additional mutation in other kinases
including ABL-class and JAK-STAT signalling pathway. Extensive pre-clinical studies have shown
activation of abnormal signalling pathways is sensitive to tyrosine kinase inhibitors®. Potentially,
imatinib may be trialled on patients with Ph-like ALL.

Immunotherapy: Immunotherapy is increasingly becoming a research focus in oncology. In ALL,
several groups have developed strategies to transduce T-cell receptors with an anti-CD19 antibody
fragment, redirecting cytotoxic T lymphocytes to recognise and kill B-ALL cells’®”). One innovative study
showed the effectiveness of T cells transduced with CD19-directed chimeric antigen receptor (CTLO19)
treatment in patients with multiple relapses®®®). Out of 30 patients (children and adults) treated by
transduced T cells, 27 (90%) achieved complete remission. In addition, sustained remission was

achieved with a 6-month event-free survival rate of 67% and an overall survival rate of 78%®.
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Remission was durable with 3 years follow-up. One ongoing clinical trial (ClinicalTrial.gov number,
NCT0244522) is assessing the role of chimeric antigen receptor T-cell therapy in ALL patients with less
advanced disease.

A new strategy in immunotherapy is to use blinatumomab®®. It is used as a second-line treatment
option for ALL patients with relapses. Blinatumomab belongs to a class of constructed monoclonal
antibodies and bi-specific T-cell engagers that specifically target CD19 receptor (a B-ALL surface
marker) and direct immune system to act against ALL cells. Blinatumomab is constructed as a fusion
protein consisting of two single-chain variable fragments to recognise two different antigens. One of
the single-chain variable fragments binds to T cells via the CD3 receptor, and the other binds to ALL
cells via CD19 receptor®?). With the help of blinatumomab, T calls can be in direct contact with B-ALL

cells and carry out cytotoxic effects.

2.3.4 Use of anaesthetics in ALL treatment

Anaesthetics (both regional anaesthetics and general anaesthetics) are widely used during ALL
diagnosis and treatment. Painful and stress-producing procedures, including BM aspiration/biopsy,
intrathecal chemotherapy, lumbar puncture, cranial radiation and BM transplantation, all require
some forms of analgesia and anaesthesia for both adult and paediatric patients. Currently, there is no
guidance on which, if any, anaesthetic or anaesthetic technique is beneficial to patient outcomes. It is
largely down to the anaesthetist’s belief, training and local hospital policy. The frequency of these
painful, anxiety-producing procedures is very high during the diagnosis and treatment of ALL. Patients
may receive 2-3 procedures every week for a few weeks during intensification treatment phase to
monitor treatment response. Therefore, anaesthetics have good opportunities to have direct effects
on cancer cells.

Adult patients: Regional anaesthetics (e.g. lidocaine) are generally used in adults for short painful
procedures“?. One of the most important pain-influencing factors during these procedures is anxiety.
In order to improve the quality of the procedure, IV sedatives include lorazepam, midazolam, or
diazepam are administered. In addition to their properties of reducing anxiety and decreasing pain
perception, IV sedation has been shown to induce a degree of amnesial*).

Paediatric patients: In 1990, the American Academy of Paediatrics published recommendations on
the management of pain and anxiety related to procedures in children with cancer?. It recommended
the use of general anaesthesia for paediatric patients undergoing short painful procedures in
haematological malignancies. Besides pain relief, general anaesthetics may offer potential

psychological benefits for patients, improving the overall experience of procedures®?.

27



PhD Thesis Jiang Cui

Studies examining different methods of sedation for children yielded various results. Some
investigators suggested benzodiazepines alone were sufficient*®, while others recommended brief
general anaesthesia®?. There is still some reluctance to offer deep sedation to paediatric patients, a
tendency that is more prominent in the US than Europe.

Safety of using general anaesthetics in paediatric patients undergoing short painful procedures has
been extensively studied. A recent retrospective review consisting of 137 patients subject to 423 short
procedures under general anaesthesia found the majority of procedures had no adverse events during
intraoperative and postoperative periods. No procedure was suspended after it had begun and no
patient needed cardiopulmonary resuscitation*?).

IV general anaesthetics and inhalational general anaesthetics are both used clinically for short
procedures. Both techniques are similar in terms of safety, patient experience and immune response.
The notable differences are recovery time and equipment set up. A single-blind study consisted of 21
children undergoing similar procedures (BM biopsy and lumbar puncture) showed IV anaesthesia
(propofol and remifentanil) allowed rapid patient recovery time of 13 minutes and patients with
inhalational anaesthesia (sevoflurane or nitrous oxide) needed 30 minutes for recovery*¥.

They are still some disadvantages of using general anaesthesia in paediatric patients. Firstly, staff with
experience in airway management and advanced life support are essential for general anaesthesia.
Anaesthetists are usually called upon to administer and monitor patients if general anaesthesia is
involved; whereas any trained physicians are competent enough to administer local anaesthesia. In
addition, facilities required to carry out general anaesthesia are more complex with additional
monitoring, delivery and resuscitation equipment. Usually, short procedures requiring general
anaesthesia are carried out in a theatre environment. However, regional anaesthesia requires less

equipment.

2.4 Anaesthetics and cancer

Cancer is a major contributor to the global disease burden and the second greatest killer following
cardiovascular disease. Surgery is still the first line and the most effective treatment for solid cancer.
Anaesthetics (particularly general anaesthetics) are used during surgery to achieve: unconsciousness,
amnesia, analgesia, muscle relaxation and diminished motor response to stimuli. Usually,
combinations of general anaesthetics are deployed during surgery, as no single general anaesthetic
could achieve all 5 properties mentioned above. Not only surgery but also diagnostic procedures e.g.
biopsy and palliative intervention all require the use of anaesthetics. Therefore, a high percentage of
patients are exposed to a high dose of anaesthetics at least once or multiple times during diagnostic

and treatment procedures.
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Clinicians and scientists have long been observing the potential effects of anaesthetics on solid cancer.
It was thought that the systemic immune modulation of the anaesthetics affects cancer malignancy.
Specifically, anaesthetics affect the function of noncancer cells present in tumour microenvironment
and cells in the immune system. However, evidence indicates that anaesthetics exert direct biological
effects on cancer cells due to cellular signalling changes beyond their primary effect of anaesthesia
and analgesia. In this section, | will discuss different mechanisms by which various anaesthetics

influence cancer cells directly and indirectly.

2.4.1 Clinical evidence

The hypothesis that anaesthetics and analgesics during cancer surgery affect recurrence or metastasis
was initially proposed in 2006“?. It has become an important research question. The retrospective
analysis which proposed this question in the first place suggested paravertebral anaesthesia (regional
anaesthesia) plus general anaesthesia reduced the risk of breast cancer recurrence and metastasis
during 3 years of follow up when compared to general anaesthesia alonel*®. This raised the first
question of which, if any, anaesthetic technique is more favourable for cancer patients: regional
anaesthesia vs general anaesthesia. A few years later, the second question surrounding the topic of
anaesthetics and cancer was asked: “which general anaesthetic technique is beneficial to cancer
patients: inhalational vs IV”. | will discuss both questions blow.

Regional anaesthesia vs general anaesthesia: The perioperative period is considered as a time of
maximum vulnerability in cancer patients. Perioperative inflammation, immunosuppression and
elevated concentrations of catecholamines can facilitate the seeding of circulating cancer cells in
distant organs as well as the growth of dormant tumours“”). Regional anaesthesia is known to prevent
or attenuate the above-mentioned surgical stress responses by blocking afferent neural transmissions.
A little over a decade ago, research on breast cancer patients concluded regional anaesthesia plus

general anaesthesia was more beneficial than general anaesthesia alone!*®

. However, in 2015 a
consensus statement from the BJA workshop on cancer and anaesthesia stated there was insufficient
evidence to support the use of particular regional anaesthesia to improve survival in cancer
patients*®). Since then, over 40 papers have been published (Table 2.1 and 2.2), testing the hypothesis
of “the use of regional anaesthetics is associated with better oncological outcomes than the use of
general anaesthetics” ¢ 49-%0),

As we can see from these studies, five of them were conducted as randomised control trials®* 64:66:90),
Four of them found regional anaesthesia had no impact on overall survival, recurrence-free survival

and recurrence®* ¢ %0 The one remaining randomised control trial showed benefit of regional

anaesthesia only on early overall survival (1.46 years). And beneficial effects were only seen in those
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who did not have a metastatic disease. Interestingly, data from a recent randomised control trial
indicated that the regional anaesthesia-analgesia may reduce the breast cancer recurrence in Asian
patients (Asian vs non-Asian p=0.043) and in those who were treated in Chinese hospitals (Chinese vs
non-Chinese; p=0.039)1°),

The rest of the investigations from two tables were retrospective cohort studies. Most of larger
sample-sized studies were not able to show any association between regional anaesthesia and
improved recurrence-free survival for breast, gastric, colorectal and prostate cancer. After all, several
important factors related to retrospective study design e.g. bias, confounding error, random error and
sampling error limited the interpretation of these investigations. In addition, most studies have
differences and variation in outcome measures and adjuvant therapies. More importantly, tumour-

related characteristics (staging, histology and subtypes) were varied from one study to another.
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Table 2.1 Summary of studies that show the beneficial effect of regional anaesthesia

EA: epidural anaesthesia; GA: general anaesthesia; IVPCA: Intravenous patient-controlled analgesia;
0S: overall survival; PVB: Thoracic paravertebral block; PFS: progression-free survival; RFS: recurrence-
free survival; SB: scalp block.

Study (author,
year, reference

number)

Hiller, 2014, 59

Wang, 2016, 63

Wang, 2017, 62

Christopherson,

2008, 64

Gupta, 2011, 75

Holler, 2013, 68

Cummings, 2012,
56

Lai, 2012, 50

Biki, 2008, 70

Wouethrich, 2010,
72

Scavonetto,
2014, 82

Method

Retrospective

Retrospective

Retrospective

Randomised

control trial

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective
progression-
free survival

Cancer

Gastro

Esophageal

Gastric

Gastric

Colorectal

Colorectal

Colorectal

Colorectal

Hepatocellular

Prostate

Prostate

Prostate

Anaesthetics
technique

GA+EA vs GA

GA+EA vs GA
GA-EA vs GA-
IVPCA

GA-EA vs GA

GA-EA vs
Spinal vs GA

GA-EA vs GA

GA-EA vs GA

EA vs GA

GA-EA vs GA

GA-EA vs GA

GA-EA vs GA

Number
of
patients
received
RA

97

157

1362

85

562

442

9278

62

103

103

1642

Number
of
patients
received
no RA
43

116

2856

92

93

307

4037

117

102

158

1642

Outcome

EA showed
benefit on
recurrence
or OS

EA showed
benefit on
0S

EA showed
a benefit
on OS

EA showed
a benefit
on early OS
EA showed
a marginal
benefit on
OS in colon
cancer but
not on
rectal
cancer

EA showed
a benefit
on OS

EA showed
a benefit
on RFS but
not on OS
GA showed
a benefit in
RFS

EA showed
a marginal
benefit on
BRFS

EA showed
a benefit
on PFS but
not on OS
EA showed
a marginal
benefit on
oS
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DE Oliveira,
2011, 74

Lin, 2011, 77

Merquiol, 2013,
84

Zimmitti, 2016,
49

Zheng, 2017, 88

Cata, 2018, 87

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Ovarian

Ovarian

Head and neck

Metastatic

liver resections

Glioblastoma

Mix of gliomas

Intraop EA vs
Postop EA vs
GA

GA-EA vs GA

GA-EA vs GA

GA-EA vs GA

GA-SB vs GA

GA-SB vs GA

55

106

111

390

67

120

127

37

160

120

52

56

Jiang Cui

Introp EA
showed
marginal
benefit on
PFS

EA showed
benefit on
oS

EA showed
marginal
benefit on
0sS

EAis
associated
with longer
PFS

SB
associated
with longer
PFS

SB
associated
with longer
PFS
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Table 2.2 Summary of studies that do not show the beneficial effect of regional anaesthesia

EA: epidural anaesthesia; GA: general anaesthesia; IVPCA: Intravenous patient-controlled analgesia;
OS: overall survival; PVB: Thoracic paravertebral block; PFS: progression-free survival; RFS: recurrence-
free survival; SB: scalp block.

Study (author, Cancer Anaesthetic Number Number Outcome
year, technique of of
reference patients patients
number) received received
RA no RA
Cummings, Retrospective Gastric GA-EAvs GA | 766 1979 GA did not
2014, 55 show benefit
on OS
Shin, 2017, 61 | Retrospective Gastric GA_EAvs GA | 3425 374 EA did now
show benefit
on RFS
Heinrich, Retrospective Esophageal | GA-EAvs GA | 118 35 GA did not
2015, 60 show benefit
on OS
Gottschalk, Retrospective Colorectal GA-EAvs GA | 256 253 EA did not
2010, 80 show benefit
on RFS
Myles, 2011, Randomised Colorectal GA-EAvs GA | 230 216 EA did not
66 controlled trial show benefit
sub-analysis on OS
Day, 2012, 79 Retrospective Colorectal GA-EA vs 251 173 EA did not
Spinal vs GA show benefit
on OS
Binczak, 2013, | Retrospective Colorectal GA-EAvs GA | 69 63 EA did not
67 show benefit
on RFS
Exadaktylos, Retrospective Breast PVB vs GA 50 79 PVB did not
2006, 46 show a
benefit on
recurrence
Starnes-Ott, Retrospective Breast PVB-GA vs 193 165 PVB did not
2015, 53 GA show benefit
on recurrence
Kairaluoma, Retrospective Breast PVB-GA vs 45 41 PVB did not
2016, 51 GA show on
recurrence
but longer OS
Tsigonsis, Retrospective Breast RA vs GA 646 461 No benefit
2016, 58
Cata, 2016, 52 | Retrospective Breast PVB vs GA 197 197 PVB did not
show benefit
on RFS or OS
Finn, 2017, 54 | Randomised Breast PVB-GA vs 26 28 PVB did not
control trial Placebo-GA show benefit
on RFS
Tsui, 2010, 65 Randomised Prostate GA-EAvs GA | 49 50 EA did not
control trial show benefit
on RFS
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Forget, 2011, Retrospective Prostate GA-EAvs GA | 578 533 EA did not
76 show benefit
on RFS
Wuethrich, Retrospective Prostate GA-EAvs GA | 67 81 No benefit on
2013,73 RFS or OS
Roiss, 2014, Retrospective Prostate GA-spinal vs 3047 1725 No benefit on
81 GA RFS or OS
Sprung, 2014, | Retrospective Prostate GA-EAvs GA | 486 483 No benefit on
83 cancer
recurrence
Tseng, 2014, Retrospective Prostate GA-EAvs GA | 1166 798 No benefit on
85 RFS
Lee, 2015, 57 Meta-analysis Prostate GA-EAvs GA | 7504 6261 No benefit on
RFS
Capmas, 2012, | Retrospective Ovarian GA-EAvs GA | 47 47 No benefit on
78 OS or RFS
Lacassie, Retrospective Ovarian GA-EAvs GA | 37 43 No benefit on
2013, 69 oS
Ismail, 2010, Retrospective Cervical GA-EVvs GA | 63 69 No benefit on
71 RFS
Cata, 2013, 86 | Retrospective Non-small IVPCA vs EA- | 343 102 EA showed
cell lung IVPCA vs EA no benefit on
alone RFS or OS
Gottschalk, Retrospective Melanoma | GA vs spinal 52 221 Spinal
2012, 89 showed no
benefit in
survival
Sessler, 2019, | Randomised Breast GA-EAvs GA | 1043 1065 RA showed
90 control trial no benefit in
cancer
recurrence
and OS
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Inhalational general anaesthetics vs IV general anaesthetics: The use of general anaesthesia is
considered as an unreplaceable part in modern-day surgery. They are used in induction and
maintenance of anaesthesia during procedures.

The second question regarding anaesthetics and cancer is which, if any, general anaesthetic technique
(inhalational or IV) is beneficial to cancer patients. Not many clinical publications with cancer outcome
are available for considerations. However, two recent® °V) retrospective investigations with large
patient size both suggested total intravenous anaesthesia (TIVA) is associated with better overall
survival and recurrence-free survival in many types of cancer patients. In 7030 patients undergoing
cancer surgeries regardless of cancer types, those who received inhalational general anaesthetics
(isoflurane and sevoflurane) had around 50% higher mortality rate than those who received TIVA with
an adjusted hazard ratio of 1.46%). Jun et al reported similar findings. Inhalational anaesthetics were
associated with worse overall survival with a hazard ratio of 1.45 and worse recurrence-free survival
with a hazard ratio of 1.44 in patients who had oesophageal cancer surgeries®”. However, a recent
randomised control trial suggested that propofol did not reduce cancer recurrence compared with
sevoflurane in breast cancer patients®. Overall, there is insufficient evidence to potentially change

clinical practice.

2.4.2 Pre-clinical evidence

Regional anaesthesia vs general anaesthesia:

Tumour growth, metastasis, immune surveillance and angiogenesis are hallmarks of cancer. There is
both in vivo and in vitro evidence showing regional anaesthetics might have some “anti-cancer”
effects.

Lidocaine and ropivacaine triggered apoptosis in lung and breast cancer cells in vitro by inhibiting Src
kinase phosphorylation and blocking voltage-gated sodium channels®* 3. In addition, both
bupivacaine and levobupivacaine inhibited colon cancer growth and invasion in vitro (a publication
from our group)®¥. The mechanism of inhibition was currently not known. However, it is reasonable
to assume that voltage-gated sodium channels may be involved as a voltage-gated sodium channel
SCN5A is shown to be a key regulator of the gene transcriptional network that controls colon cancer
invasion®®. Furthermore, both ester and amide local anaesthetics activated the tumour suppressor
genes following inhibition of DNA methylation in human hepatoma cells and breast cancer cells®® 7,
The excitability of cancer cells is linked to their ability of metastasis. Amide local anaesthetics reduced
the excitability of cancer cells (lung, breast and transient receptor potential cation vanilloid subfamily

member 6 (TRPV6) expressing cancer cells) by blockage of voltage-gated sodium channels (Nav 1.5
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and 1.7), modulation of voltage-gated potassium channel, decreasing calcium availability and reducing
the expression of TRPV6(%810Y),

The immune system acts against the development and growth of cancer cells through elimination,
equilibrium and escape. Many immune cells including neutrophils, macrophages, dendritic cells,
natural killer (NK) cells, B cells, and T cells participate in the maintenance of immune system balance
and they constantly surveil any cancer growth. Several human studies demonstrated that regional
anaesthesia preserved the cell count and function of circulating NK cells and increased the presence
of T helper cells near tumour sights'°21%_ Associated with these findings, they also showed increased
concentrations of antitumoral cytokines such as interleukin-2 and interferon-y*%),

The goal of angiogenesis is to adequately supply cancer cells with blood and nutrients to facilitate
their survival, proliferation and metastasis. This process is regulated by proangiogenic and
antiangiogenic factors. Regional anaesthesia is shown to reduce proangiogenic factors systemically*%.
Circulating concentrations of vascular endothelial growth factor (VEGF) were reduced in colorectal

106)

patients who received epidural anaesthesia' In addition, local anaesthetics were shown to

modulate the function of the endothelium and systemic vasculature*®”),

Inhalational general anaesthetics vs propofol: Evidence from in vitro and in vivo studies
demonstrated inhalational general anaesthetics potentially increased cancer malignancy and
metastasis. On the contrary, IV general anaesthetics (i.e. propofol) are generally considered harmful
to cancer cells under experimental settings. However, responses to anaesthetics are entirely cancer-
specific and largely down to cancer cell biology. My colleagues, Benzonana et al, demonstrated that
isoflurane enhanced renal cell (RCC) carcinoma growth and malignant potential through hypoxia-
inducible factor (HIF) signalling pathway*®®. Shortly after, Huang et al (from our group) demonstrated
isoflurane increased characteristics associated with malignancy in prostate cancer. However, propofol
attenuated those effects of isoflurane through HIF mediated mechanisms®. In addition, Luo et al also
showed isoflurane potentiated malignancy of ovarian cancer cells including increased insulin-like
growth factor-1 (IGF-1) expression, increased cell cycle progression, enhanced cell proliferation,
increased VEGF expression and increased migration!*®. Propofol, on the other hand, was shown to
reduce factors associated with the malignancy of cancer cells which include inhibition of invasion,
induction of apoptosis and disruption of aerobic glycolysis in ovarian cancer cells and colorectal cancer

cells (1100 (111),

2.4.3 Opioids

Opioids (e.g. morphine, fentanyl and remifentanil) are essential for pain management during

surgical procedures. They are given together with general anaesthetics to achieve three main
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clinical outcomes: unconsciousness, immobility and the control of autonomic nervous system
responses to surgical stimulation. Over the past decade, the hypothesis that the use of opioids
preoperatively may influence cancer recurrence and metastasis has received increasing
attention™'2), In vitro and in vivo studies have evaluated the effects of opioids on hostimmune
system, cancer angiogenesis, apoptosis, and invasion, showing discrepant results(113-118) A
limited number of retrospective clinical studies in this area could not draw a clear
conclusion™?), Most retrospective studies have focused on the hypothesis that using reginal
anaesthesia/analgesia in cancer patients may reduce the rate of recurrence and improve
overall survival. Studies suggesting benefits with regional anaesthesia/analgesia techniques
(opioids sparing) in cancer surgery patients cannot clearly show if this benefit arises directly
from the avoidance of opioids or an added benefit afforded by regional
anaesthesia/analgesia(®* % 89, Nevertheless, data from a recent randomised control trial with
a large sample size indicated opioids and volatile anaesthesia (sevoflurane) did not increase
breast cancer recurrence compared with regional anaesthesia-analgesia (paravertebral block
and propofol)®?. Overall, there is insufficient evidence to indicate whether or not opioids may

affect metastasis and recurrence after cancer surgery.

2.5 Proposed mechanisms by which general anaesthetics affect ALL cell biology

For many years, it has been the belief that general anaesthetics exert a reversible effect on the CNS
which is returned to its original state once the agent is eliminated from the body. However, there is
increasing evidence to suggest general anaesthetics exert long-term biological effects due to strongly
induced cellular signalling changes beyond their primary effect of anaesthesia and analgesia. Indeed,
our group has been investigating such ‘long term’ effects of general anaesthetics. In particular, we
found that an inhalational anaesthetic, xenon, potently protected against kidney ischaemia refusion
injury via HIF activation*??), This encouraged us to explore the role of general anaesthetics on cancer
cell biology, as hypoxia is intrinsic to the tumour. Since then, we have interrogated the effect of both
inhalational and propofol on prostate, ovarian, lung and renal cancer models!* 108 10%,121,122) ‘According
to our data, inhalational general anaesthetics potentially exhibit ‘pro-cancer’ effects and IV general
anaesthetics potentially have ‘anti-cancer’ effects. The mechanism by which general anaesthetics
affect cancer biology still largely remains elusive. And it is extremely difficult to predict the precise
effects of general anaesthetics on each cancer type as those effects are largely cancer type specific.

A very important issue in leukaemia research has been neglected. That is to investigate whether

general anaesthetics may play any role in cancer biology of leukaemia.
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Currently, there is no literature published describing the effects of general anaesthetics on human
acute lymphoblastic leukaemia in vitro, in vivo or in a clinical setting. | attempt to fill this knowledge
gap with this study. In this section, | will discuss potential mechanisms by which general anaesthetics

may affect leukaemia biology and | will summarise the hypotheses for my PhD.

2.5.1 Hypoxia Inducible Factor (HIF)

Hypoxia-inducible factors (HIF) are a family of oxygen-sensitive basic helix-loop-helix transcription
factors that direct the transcriptional response to hypoxia. They were initially identified in the 1990s
by Semenza et al*?®. HIF-1a and HIF-1B were initially identified, followed by the discovery of HIF-2s
and HIF-3s. HIF-1s are ubiquitously expressed in human cells, whereas HIF-2s and-3s are only
expressed in specific tissues and cell types*?4.

The role of HIF-1s is well defined in cancer but the parts played by HIF-2s and HIF-3s in cancer are still
under investigation. Therefore, | have focused on investigating the role of HIF-1s in my study and the
roles of HIF-2s and HIF-3s are beyond the scope of my research.

Under normoxia, a-ketoglutarate-dependent prolyl hydroxylases (PHDs) catalyse the hydroxylation of
proline residues within oxygen-dependent degradation domains of HIF-1a*?*. The hydroxylation
reaction catalysed by PHDs requires oxygen and a-ketoglutarate as co-substrates. The hydroxylated
proline residues are then recognised by the Von Hippel-Lindau (VHL) E3 ubiquitin ligase complex
(consisting of pVHL, Cul-2 and TCEB), leading to HIF-1a ubiquitination and degradation'*?* (Figure 2.1).
An additional asparagine residue in the C-terminal activation domain is hydroxylated by the Factor
inhibiting HIF (FIH)*?%). The hydroxylated asparagine prevents the binding of p300 to HIF, inhibiting
HIF transcriptional potential®?*. When under hypoxia (oxygen concentration <5%), HIF-1 a is stabilised
and translocated into the nucleus. Then, it combines with HIF-18, ARNT and p300 to form a
heterodimer complex. The complex binds to the hypoxia-responsive element (HRE) and activates the
transcription of the target gene!*?*. The oxygen-dependent hydroxylase stabilisation of HIF-1a is one
of the two ways of HIF-1a stabilisation and activation.

In addition to hypoxic activation of HIF-1a, growth factor-dependent non-hypoxic pathways also
regulate HIF-1a signalling. Three intracellular pathways (PI3K-AKT-mTOR, MAPK-ERK and JAK-STAT3)
associated with growth factors increase cap-dependent translation of HIF-la mRNA, resulting in
increased expression of HIF-1q(124126),

In cancer cells, frequent activation of the PI3K-AKT-mTOR axis due to mutation stimulates HIF-1a
activity and promotes tumour angiogenesis*?®. In the PI3K-AKT-mTOR axis, PTEN acts as an inhibitor
of AKT phosphorylation. Mutation of PTEN enhances activation of HIF-1a in many cancer cell types.

HIF-la modulation by the JAK-STAT3 pathway is initially identified in lymphocytes*?”). Pro-
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inflammatory cytokines such as interleukin-6 have been found to activate transcription of HIF-1a
through JAK-STAT3 pathway*?”). In cancer cells with Ras-Raf mutation, the MAPK-ERK pathway is
activated, leading to an increase in transcriptional activity of HIF-1a. Activation of HIF-1a elevates the
expression of downstream target genes include: angiogenesis, migration and cell survival?¥,

In leukaemia, the role of HIF-1a is not sufficiently studied. In solid tumours, the primitive and chaotic
tumour neovasculature is unable to meet all requirements of oxygen and nutrients. The poor and
hostile location drives cancer cell survival, maintenance, metabolic reprogramming, angiogenesis and
modulation of the immune response*?®. As leukaemia does not have a primary tumour, the role of
hypoxia in leukaemia was initially presumed to be inconsequential. However, the BM environment is
hypoxic when compared to normal tissue. Spencer et al measured the absolute PO, of BM in live mice
by using two-photon phosphorescence lifetime microscopy!*?®.. They found the average absolute PO,
of BM was quite low (<32 mm Hg, <5%) despite very high vascular density*??. In addition, the lowest
PO, (9.9 mm Hg, 1.3%) was found in deeper per-sinusoidal regions'?°. Therefore, hypoxia is indeed a
hallmark of the BM.

An elevated expression of HIF-1a is considered to be a marker of poor prognosis in solid cancer®, |n
theory, HIF-1a should drive the transcription of genes involved in many pathways promoting
angiogenesis, proliferation, survival and invasion in leukaemia cells. An elevated level of HIF-1a is
reported in almost all subtypes of leukaemia including acute myeloid leukaemia (AML)*3%32) acute
promyelocytic leukaemia (APL)*33, ALL®39, and CML'*3*¥. However, the subject is somewhat complex
and controversial in leukaemia. It appears the elevated level of HIF-1a expression can either be
beneficial or harmful to leukaemia cells and its role is subtype dependent. Several studies showed that
inhibition of HIF-1a resulted in a failure of primary leukaemia cells forming in vitro colonies. At the
same time, tumour growth and leukemic progression were observed to be impaired by inhibition of
HIF-1a in ALL and CML in vivo'*3? '3 |n addition, a dramatic decrease and potential eradication of
leukaemia cell xenografts were demonstrated with HIF-1a inhibited ALL cells in vivo*3?. On the
contrary, Talia et al found a faster development of the disease and an enhanced leukaemia phenotype
were observed in murine AML models lacking hif-1a*3%). And they also observed that hif-1a deficiency
in mice accelerated leukaemogenesis. Therefore, they proposed hif-1a might act as a tumour
suppressor gene in AML®®), Although the increased expression of HIF-1a was reported in many
leukaemia subtypes, the outcome of its elevated expression has not been correlated with its
expression pattern*3% 132 Further studies are still needed to understand and stratify the role of HIF-
lain leukaemia.

HIF-1a becomes a central pathway in the recent research topic of “effects of general anaesthetics on

cancer”. Our group, for the first time, showed that short exposure of isoflurane, a commonly used
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inhalational general anaesthetics, enhanced the expression of HIF-la through increased
phosphorylation of AKT in renal cell carcinoma cells (RCC4). Increased HIF-1a then potentiated the
cancer cell malignancy*®®. Others have found similar phenomena in non-small cell lung cancer and
glioma cancer cells in vitro™3” 138 where inhalational general anaesthetics was associated with the
increased expression of HIF-1a. Inhalational general anaesthesia was shown to activate downstream
target genes include VEGF, CD133 (a stem cell marker), MMP2 and MMP9*3®), Whereas, propofol (a
general anaesthetic) was found to reduce HIF-1a expression and decrease the expression of HIF-1a

target genes!*3®),

2.5.2 CXCR4/SDF-1 axis

Homing and subsequent adhesion of leukaemia cells to a specific niche in BM are vital in
leukaemogenesis, migration and propagation of the disease and chemoresistance. The chemokine
receptor, C-X-C chemokine receptor type 4 (CXCR4), and its ligand stromal-cell-derived factor (SDF-1
or CXCL12) mediates the homing process in ALL"%9). Sipkins et al. demonstrated B-ALL (NALM-6) cells
selectively homed to the adhesion molecule E-selectin and SDF-1 expressing vessels via a CXCR4
dependent process. Disruption of the interaction between SDF-1 and CXCR4 inhibited the homing

process*3

. Further study revealed circulating leukaemia cells engrafted around these vessels,
suggesting a potential microenvironment for early metastasis**%. The role of the SDF-1/CXCR4 axis in
chemoresistance of leukaemia was also profoundly studied. A recent study showed that stromal cells
conferred a remarkable chemoprotective effect on T-ALL cells which was specifically blocked by a
CXCR4 blocker (AMD3100). This phenomenon suggests that stromal cell-mediated chemoresistance is
SDF-1/CXCR4 dependent in T-ALL(*40),

In the context of anaesthetics and cancer, one publication reported that lidocaine inhibited the
migration of human breast cancer cells through inhibition of CXCR4Y, It is reasonable to assume that
general anaesthetics like propofol and sevoflurane may affect the SDF-1/CXCR4 axis as both SDF-1 and

CXCR4 are well-known downstream targets of HIF-1a (142 143),

2.5.3 Osteopontin

Osteopontin (OPN) is an acidic arginine-glycine-aspartate containing adhesive glycoprotein with a
molecular mass of approximately 44 kDa**¥, interacting with several integrins (owBs, (0, 09, 0s)B1, and
asfz) and CD44144 145),

It serves many functions in both physiological and pathophysiological conditions. In BM, the function

of OPN is very complex, and it can be cleaved by thrombin, forming different fragments with various
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functions™®. Generally speaking, OPN has been found to carry out functions like being an adhesion
molecule, regulator of hematopoietic stem cell pool and regulator of cell trafficking™*”) in BM.

In BM, OPN is primarily secreted by osteoblasts and hematopoietic stem cells'**> 148/, Recently, OPN
was also shown to be secreted by ALL cells. It adhered ALL cells to anatomic locations supporting
leukaemia cell dormancy and avoiding chemotherapeutic agents!*4),

OPN interacts with HIF-1a in solid cancer models. OPN was shown to increase HIF-1a via the PI3K/AKT
pathway in ovarian cancer and breast cancer model4? (150),

Importantly, results from our group demonstrated sevoflurane increased expression of OPN and
migration in RCC4 cells®?Y. It can be speculated that general anaesthetics may affect expression of

OPN secreted by ALL cells through HIF-1a mediated process.

2.5.4 Chemoresistance

There are currently two proposed means that leukaemia cells protect themselves from chemotherapy.
Firstly, anatomic locations inside bone marrow with poor vasculature may provide a physical barrier
for leukaemia cells*® 48 These locations include the endosteal niche, which is hypoxic and rich in
quiescent hematopoietic stem cells. It is thought that leukaemia cells hijack normal hematopoietic
stem cell niches, taking advantage of a physical barrier and staying quiescence while chemotherapy
eradicates actively proliferating cells. It was shown during T-ALL progression, leukaemia cells
selectively remodelled the endosteal space, resulting in a complete loss of mature osteoblastic
cells®>Y, This process is thought to be important in T-ALL chemoresistance. In B-ALL, instead of
remodelling niches, leukaemia cells are anchored to stromal locations rich in OPN expressions via
integrin®®*®. The anchorage of leukaemia cells in discreet locations protects ALL cells from
chemotherapy. Similarly, SDF-1/CXC4 axis regulates interactions between ALL cells and stroma which
provide physical locations for ALL cells to ‘hide’ from chemotherapy*?®). It is relatively unrealistic for
general anaesthetics affecting above-mentioned mechanisms as they are carried around via the
bloodstream with chemotherapeutic agents. General anaesthetics are less efficient in accessing poorly
perfused areas.

The second proposed mechanism of chemoresistance in leukaemia cells is through activating
molecular signalling pathways: resistance to apoptosis, mutation in receptors, rapid self-renew and
autophagy. It is hard to predict whether general anaesthetics may have any effects on the above-
mentioned pathways due to insufficient evidence. However, the effect of general anaesthetics on
autophagy has been extensively studied in the field of neurodegeneration and cognitive
dysfunction®15% _|n particular, inhalational general anaesthetics, e.g. sevoflurane and isoflurane, are

potent activators of autophagy. Wang et al found that sevoflurane exposure significantly increased
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the level of LC3-1l and the ratio of LC3-1I/LC3-1 was also increased. In addition, sevoflurane treatment
decreased the level of p62 in the hippocampus of the young mice at P8, indicating the induction of
autophagy*®?. Given the fact, general anaesthetics could modulate autophagy; we proposed to study
whether general anaesthetics might affect chemosensitivity of ALL cells through modulation of

autophagy.

2.5.5 Summary of hypothesises

Currently, there is insufficient guidance for clinicians to choose from a wide range of anaesthetics for
pain management during ALL treatment. It is imperative to establish and stratify the optimal
anaesthesia technique for leukaemia patients and, if possible, give them the edge over cancer.
Accumulative advantage at each stage of diagnosis and treatment will eventually turn into
improvement in survival and maybe one day curing the disease. Unfortunately, stratifying optimal
anaesthetics for better outcomes in leukaemia patients has been long neglected.

Therefore, we conducted this study with the aim to answer two broad questions: 1) can general
anaesthetics affect ALL cell biology 2) if they can, which technique (inhalational or 1V) reduces
malignancy of the disease.

Given the fact that HIF-1a plays a vital role in leukaemia, and general anaesthetics modulates it in
other cancer models, we hypothesised that general anaesthetics may alter the expression of HIF-1 a
in ALL cells. We studied cell survival and proliferation as they are classic target genes of HIF-1a in other
cancer models. We were also very interested in defining whether general anaesthetics might disrupt
the CXCR-4/SDF-1 axis, affecting migration of leukaemia cells. Study of chemo-sensitivity is crucial, as
most relapse is primarily due to chemoresistance. We hypothesised general anaesthetics might induce
autophagy in leukaemia cells, as they strongly induced autophagy in cognitive dysfunctions
models*>?, Then, we explored whether the elevated level of autophagy protected leukaemia cells

from chemotherapy or enhancing the cytotoxic effect of chemotherapy.
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Materials and methods

Jiang Cui

44



PhD Thesis Jiang Cui

This chapter introduces the experimental models and methods applied in this PhD study, including

specific laboratory skills and techniques.

3.1 In vitro model

3.1.1 Cell culture

The following cell lines are used for this PhD study (Table 3.1)

NALM-6: NAML-6 cell line (DSMZ, Germany) is an immortalised cell line established from peripheral
blood of a 19-year-old man with ALL in relapse. NALM-6 is classified as B-ALL by phenotype, and it is
commonly used to study ALL in vitro and in vivo.

GFP-NALM-6: NALM-6 cells are transduced with GFP lentivirus (System Biosciences, USA) to produce
GFP-NALM-6 cells. They are particularly useful in in vivo tracking of leukaemia cells.

Reh: Reh cell line (DSMZ, Germany) is another classical ALL cell line. It was initially established from
the peripheral blood of a 15-year-old North African girl with ALL in 1973. It has been used in many
publications to study ALL.

All cell lines were maintained in T175 tissue culture flasks at 37 °C in RPMI 1640 medium (Invitrogen)
supplemented with 10% foetal bovine serum (FBS) (Invitrogen), 2 mM L-glutamine (Invitrogen), and
100 U/mL penicillin-streptomycin (Invitrogen) in a humidified air with 5% CO, atmosphere. The media
was changed every two days. After reaching more than a cell density of 2.0X107, cells were centrifuged
and passed to the next generation.

Table 3.1 Cell lines and cell culture medium

Cell Lines Species Culture medium Supplement
NALM-6 Human immortalised RPMI 1640 10 % foetal bovine
cell line serum (FBS), 2 mM L-
glutamine, and 100
U/mL penicillin-

streptomycin

GFP-NALM-6 Human immortalised RPMI 1640 10 % foetal bovine
cell line transduced serum (FBS), 2 mM L-
with GFP lentivirus glutamine, and 100
U/mL penicillin-

streptomycin

Reh Human immortalised RPMI 1640 10 % foetal bovine
cell line serum (FBS), 2 mM L-
glutamine, and 100
U/mL penicillin-

streptomycin
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3.1.2 Sevoflurane exposure

Before gas exposure, NALM-6 and Reh cells were cultured at 1 X 10° per ml density on 30-mm? Petri
dishes (VWR, Leicestershire, UK), or on 24 well plates with a seeding density of 5 X 10* per ml. Cells
were used 12 hours later after seeding. Cells were placed in 1.5 L purpose-built airtight, temperature-
controlled chambers equipped with inlet and outlet valves and an internal electric fan was used to
provide continuous delivery and mixture of gases. The chamber was connected to calibrated flow
meters and an in-line vaporiser was used to deliver the desired composition (Datex gas monitor,
Helsinki, Finland) of sevoflurane (3.6%, MAC 2.0) (Abbott Laboratories, Maidenhead, UK) in 21%
oxygen and 5% CO; balanced with nitrogen (BOC, Guildford, UK). The chamber was pre-flushed with
the aforementioned gas mixture to ensure that a stable gas composition was achieved, and a closed
system was established to prevent leakage. Gas treatment was given at the desired sevoflurane
concentration for 2, 4 and 6 hours at 37°C. At the end of treatment, cells were harvested for further
analysis. Cells used as the naive control group were placed in an identical gas chamber containing 21%
oxygen and 5% CO; balanced with nitrogen at 37°C. For recovery experiment, cells were supplied with
fresh media and they were returned to a standard incubator containing humidified air and 5% CO; at

37°C for further analysis analysed at different time points ranging from 0-24 h post gas exposure.

3.1.3 Propofol treatment

A clinical formulation of propofol (Diprivan, Astra-Zeneca, London, UK) was used. It was dissolved in
10% intralipid (Astra-Zeneca, London, UK). Before treatment, NALM-6 and Reh cells were cultured as
described above.

On the day of the experiment, the stock solution of propofol was diluted with medium to the final
concentrations of 1-10ug/ml (5.6-56uM). For the intralipid control, 10% intralipid was added to the
cell medium to recreate the amount of intralipid in the highest 10ug/ml dose of propofol being used.
Propofol-supplemented medium was then added to the cell cultures for 6 hours. For recovery
experiments, the propofol medium was replaced with fresh medium and cells were returned to a
standard incubator containing humidified air and 5% CO, at 37°C for further analysis at 24 hours post

propofol treatment.

3.1.4 Hypoxia induction

Cells were placed in a gas chamber as described earlier and exposed to a mixture of low concentration
oxygen (<1%) balanced in nitrogen and 5% CO, for 6 h at 37°C. For some experiments, propofol (1—
10ug/ml) and sevoflurane (3.6%) were added to the cell culture medium. For hypoxia experiments,

cells were subject to an extreme level of hypoxia (<1%).
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3.1.5 In vitro siRNA administration

Human HIF-1 a and human OPN siRNA were predesigned with the following sequences

Table 3.2 Sequences of human HIF-1 a and human OPN siRNA

HIF-1a

Target sequences 5’-AGGAAGAACTATGAACATAAA-3’
Sense sequence 5'-GAAGAACUAUGAACAUAAATT-3'
Antisense sequence 5’-UUUAUGUUCAUAGUUCUUCCT-3’
OPN

Target sequence 5’-TGCGGCAAGCATTCTGAGGATG-3’
Sense Sequence 5’-GGUUGUCCAGCAAUUAAUATT-3’
Antisense sequence 5’-UAUUAAUUGCUGGACAACCGT-3’

Leukaemia cells were transfected with high-quality human-specific siRNA (Qiagen, Sussex, UK). A
scrambled non-sense siRNA (Qiagen) without specific gene-silencing activity was used as a negative
control. Transfection was achieved using lipofectamine RNAi MAX (Invitrogen). Cells were cultured at
the density of 0.4 X 10° per ml and treated with siRNA. Human Specific targeted or scrambled siRNA
was dissolved in siRNA suspension buffer supplement with lipofectamine which was administered to
cellsin a dose of 20nM. Cells were incubated with siRNA for 6 hours at 37°C in humidified air containing
5% CO,, after which the cells were washed with medium then serum-free medium was added. For
OPN experiments, 200ng/ml of human OPN was given to culture after OPN knockdown. For

chemotherapy experiment, 0.5-200uM of Ara-C was given to cells after OPN knockdown.

3.1.6 OPN treatment

NALM-6 cells were treated with rising concentration of human recombinant OPN (R&D system,
catalogue number: 1433-0OP-050, Host: Goat, Target: Human, Concentration: 50 to 200ng/ml) or cells
were treated with polyclonal goat IgG (Abcam, catalogue number: ab37373, Host: Goat concentration:
200ng/ml). Then, treated cells were incubated for 6 hours at 37°C in humidified air containing 5% CO,.
After incubation, cells were harvested for western blot and flow cytometry analysis.

In some experiments, human anti-OPN neutralising antibody was used (155) (R&D system, Catalogue
number: AF1433, Host: Goat, Target: Human, concentration: 2ug/ml) to treat NALM-6 cells. Then,
treated cells were incubated for 6 hours at 37°C in humidified air containing 5% CO,. After incubation,

cells were harvested for western blot and flow cytometry analysis.

3.1.7 Generation of GFP expressing NALM-6 cells

Initially, 5 X 10* of NALM-6 cells were seeded in a 24 well plate. After 12 hours, TransDux and TransDUX
MAX enhancer (System Biosciences, Palo Alto, USA) were mixed and added to culture with a

concentration of 1X. Then, pre-packed GFP lentivirus (System Biosciences, Palo Alto, USA) were given
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to NALM-6 cells at a multiplicity of infection (MOI) of 20. Cells were incubated at 5% CO, at 37°C for
72 hours. Finally, GFP-expressing NALM-6 cells were sorted using FACS Aria-ll cell sorter (BD, USA),

before seeding in T175 flask with fresh medium.

3.1.8 Chemotherapy treatment

A typical anti-mitotic chemotherapeutic agent for leukaemia, cytosine arabinoside (Ara-C), was used.
For general anaesthetics treatment, 0.5-50uM of Ara-C (Sigma-Aldrich, UK) and general anaesthetics
(sevoflurane 3.6% and propofol 10ug/ml or 56uM) were given to cells for 6 hours. After treatment,
cells were processed for western blot and flow cytometry analysis. For the OPN experiment, 0.5-
100uM of Ara-C was given to cells in conjunction with 200ng/ml of OPN (R&D system, UK) or OPN
siRNA (Qiagen, UK).

3.2 In vivo model

3.2.1 Animals

C57/BL6 mice (20-22g) and SCID mice (20-22g) were purchased from Charles River, UK and breed in
temperature and humidity-controlled cages in a specific pathogen-free facility at the Chelsea and
Westminster Campus, Imperial College London. This study was approved by the Home Office, United
Kingdom, and all procedures were carried out in accordance with the United Kingdom Animals
(Scientific Procedures) Act of 1986. C57/BL6 mouse was used for the homing and migration study.

Severe combined immunodeficiency (SCID) mouse was used for the disease induction study.

3.2.2 ALL induction and tracking of disease progression in SCID mice

ALL was induced in SCID mice and progression of the disease was tracked. 1 X 10° of NALM-6 cells
were injected into SCID mice IV at day 0. 10 days later, mice were sacrificed using terminal anaesthesia
(sodium pentobarbital, intraperitoneal injection). Blood samples were taken via cardiac puncture,
then samples were processed for enzyme-linked immunosorbent assay (ELISA) and flow cytometry.
Bone marrow flush samples were also taken for flow cytometry analysis. Same procedures were
carried out on mice after 20, 30 and 40 days post leukaemia cell injections respectively. The use of
terminal anaesthesia may affect the cell biology of injected ALL cells in vivo, which may affect ELISA
and flow cytometry results. However, those effects are applied to all samples across different
treatment groups. Therefore, statistical differences we observed among different treatment groups

should be caused by the treatment not the terminal anaesthesia.
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3.2.3 Intravital microscopy (equipment)

We used intravital microscopy to monitor ALL homing and migration in vivo. This procedure was only
carried out on C57/BL6 mice. Intravital microscopy was performed using a Leica SP5 and a Zeiss LSM
780 upright confocal microscope with a motorized stage. The SP5 was fitted with the following lasers:
Argon, 546, 633 and a tunable infrared multiphoton laser (Spectraphysics Mai Tai 690-1020). The Zeiss
LSM 780 was fitted with the following lasers: Argon, 561, 633 and a tunable infrared multiphoton laser
(Spectraphysics Mai Tai DeepSee 690-1040). The signal was visualized with a Leica HCX IRAPO L x25
water immersion lens (0.95 N.A) and a W Plan-Apochromat x20 DIC water immersion lens (1.0 N.A).
GFP signals were generated through excitation at 840 and 870 nm and detected with external
detectors. Internal detectors were used to collect GFP and Cy5 signals. Prior to surgery, mice were
administered isoflurane (Mac 4.0 isoflurane in 4L/min O, for induction and Mac 1.0-2.0 isoflurane in
1L/min O, for maintenance). This was gradually reduced to approximately Mac 1.0 as anaesthesia
stabilized. We have considered the fact that isoflurane (an inhalational anaesthetic) may affect factors
associated with leukaemia malignancy, as isoflurane has been shown to increase migration and
proliferation of prostate cancer cells in vitro™. Prior to isoflurane, we tried to use the combination of
ketamine and xylazine during procedures in pilot studies. However, we found that ketamine-xylazine
was associated with issues like inadequate depth of anaesthesia and the death of animals. In fact, we
had 2 mice died prior to the end of procedures. These issues were not seen with isoflurane. In addition,
isoflurane was used to induce anaesthesia in all animals. The effects of isoflurane, if any, are applied
to all animals across different treatment groups. Therefore, statistical differences we observed among
different treatment groups should be caused by the treatment not isoflurane.

A headpiece was placed onto the calvarium by following ways:

1) Using sterile forceps and scissors, carefully remove the central portion of the scalp to expose the
calvarium area to be imaged: make a small incision at the back of the head between the ears by lifting
the skin up with the forceps. While holding the skin up, slide the scissors under the skin and gently cut
along the outside of the desired imaging area.

2) Mix an adequate amount of dental cement in a weigh boat until it becomes a paste and quickly
apply to the bottom surface of the headpiece that will attach to the skull.

3) Before the cement sets, place the headpiece onto the skull of the mouse, making sure not to get
any dental cement on the imaging area, then wait for it to set.

4) Attach the headpiece to the holder and secure in place using the screw, ensuring that the grooves
fit within the holder notches.

IVM equipment and methodology is summarised in Figure 3.1.
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3.2.4 Intravital microscopy (Tile scan and time-lapse)

Large three-dimensional ‘tile scans’ of the entire BM cavity space were acquired by stitching adjacent,
high-resolution z-stack images using a surgically implanted imaging window that ensures steady
positioning of mice on the microscope. Time-lapse was taken by focusing on one area of BM. One
image was taken every 3 minutes for the entire 22 images. Then, all 22 images were combined
together to produce a movie (time-lapse). The calvarium has been demonstrated to be equivalent to
the long bones such as the femur with regards to haematopoietic stem cell frequency, function and
localization®®, and is the only BM compartment that allows longitudinal imaging through minimally
invasive surgery. Blood vessels were highlighted by i.v. injection of 50ul of 8mg/ml 500kDa Cy5-
Dextran (Nanocs, MA). Injection of Cy5-Dextran was done 5 to 10 minutes before each imaging

session. All mice were terminally anaesthetised at the end of imaging procedures.

3.2.5 Intravital microscopy (Data processing)

Microscopy data was processed using multiple platforms. Tile scans were stitched using Leica
Application Systems (LAS; Leica Microsystems, Germany) and ZEN black (Zeiss, Germany) software.
Raw data were visualised and processed using Fiji/Image J (National Institutes of Health, Maryland,
USA). Cell tracking was performed using FlJI plugin MTrack). For accuracy in cell tracking data, videos
were registered when required before using four-dimensional data protocols implemented in Fiji.
Three-dimensional data rendering and measurement of cell distances were performed in Volocity

(Perkin ElImer, MA, USA).

3.3 Immuno-histochemistry

Immunostaining is a laboratory technique, which uses antibodies to detect the target proteins.

3.3.1 Immunofluorescence

NALM-6 cells are suspension cells that do not adhere to the bottom of Petri dishes. 10ug/ml of poly-
L-Lysine was used to adhere to NALM-6 cells to petri dishes 24 hours prior to the experiment. After
treatment, cells were fixed in paraformaldehyde and incubated in 10% normal donkey serum in 0.1M
PBS-T prior to overnight incubation with primary antibody (Table 3.3), followed by secondary antibody
(Table 3.4) for 1 hour. Slides were counterstained with DAPI nuclear dye and mounted with
VECTASHIELD Mounting Medium (Vector lab, USA). 10 high-power fields at x20 and x40 magnification
were photographed using an AxioCam digital camera (Zeiss, Germany) mounted on an Olympus BX60
microscope (Olympus, Middlesex, UK) with Zeiss KS-300 software. Ten representative regions per field

in vitro were randomly selected by an assessor blinded to the treatment groups. Immunofluorescence
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was visualised using Fiji/Image J. For Ki-67 experiments, the number of Ki-67 positive cells were
counted, and this number was used to against the number of all cells in the field of the view. Ki-67

index= the number of Ki67 positive cells/ the total number of cells.

Table 3.3 Primary antibodies for immunochemistry

Primary Host Species | Target Source Product Code | Dilution

antibodies Species

Ki-67 Mouse Human Santa Cruz Sc-23900 1in 200

HIF-1 a Rabbit Human Novus NB100-479 1in 100
Table 3.4 Secondary antibodies for immunochemistry

Secondary Host Target Conjugate Source Product Dilution

antibodies | Species Species Code

Donkey anti | Donkey Rabbit FITC Millipore AP182F 1in 200

Rabbit Ig

Donkey anti | Donkey Mouse FITC Millipore AP192F 1in 200

Mouse Ig

3.4 Western Blot

Cultured cells were homogenised in lysis buffer and centrifuged at 3,000g for 30 minutes at 4°C and
the supernatant was then collected. Total protein concentration in the supernatant was quantified by
the Bradford protein assay (BioRad, Hemel Hempstead, UK). The protein extracts (40 to 60ug/sample)
were heated for 10 min in 95°C and denatured in sodium dodecyl sulphate (SDS) sample buffer
(Invitrogen). The samples were then loaded on a NUPAGE 4 to 12% Bis-Tris gel (Invitrogen) for
electrophoresis and then transferred to a PYDF membrane. The membrane was treated with blocking
solution (5% non-fat dry milk in TBS with 0.1% Tween-20) for 2 hours and was probed with the
following primary antibodies (Table 3.5) in TBS-T overnight at 4°C, followed by HRP-conjugated
secondary antibody for 1 hour (Table 3.6). The loading control was the constitutively expressed
protein GAPDH (1:20000, Sigma-Aldrich). The membrane was washed with TBST for 5 minutes three
times and visualised with enhanced chemiluminescence (ECL) system (Santa Cruz, USA). The protein
bands were captured with the image processor, GeneSnap (Syngene, Cambridge, UK), and the
intensity of the bands corresponding to the protein expression level was measured with software
Image J (National Institutes of Health, Maryland, USA) and normalised to GAPDH and expressed as
ratio of control for data analysis.

Table 3.5 Primary antibodies for western blot

Primary Host species Target species | Source Product code | Dilution
antibodies
HIF-1a Rabbit Human Novus NB100-479 1in 100
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Osteopontin Mouse Human Abcam Ab166709 1in 500
(OPN)

Phospho- Rabbit Human Cell signalling | 9101S 1in 500
p44/42 MAPK

(Erk1/2)

P44/42 MAPK | Rabbit Human Cell signalling | 9102S 1in 500
(Erl1/2)

Phospho-Akt Rabbit Human Cell signalling | 9271S 1in 500
(Ser473)

Akt Rabbit Human Cell signalling | 9272S 1in 500
Phospho- Rabbit Human Cell signalling | 9131S 1in 500
Stat3

Stat3 Rabbit Human Cell signalling | 4904T 1in 500
PARP Rabbit Human Cell signalling | 9542S 1in 500
Caspase-8 Mouse Human Cell signalling | 9746S 1in 500
Pro Caspase-3 | Rabbit Human Abcam Ab32150 1in 1000
LC3B Rabbit Human Cell signalling | 2775S 1in 1000
ATG5 Rabbit Human Cell signalling | 12994S 1in 1000
GAPDH Rabbit Human Millipore ABS16 1in 20000

Table 3.6 Secondary antibodies for western blot
Secondary | Species Target Conjugate Source Product Dilution
antibodies species Code
Donkey Donkey Rabbit HRP Cell 7074 1in 1000
anti-Rabbit signalling
Ig
Donkey anti | Donkey Mouse HRP Cell 7076 1in 1000
Mouse Ig signalling

Table 3.7 Buffer solutions for western blot

Tris-HCl solution

12.1 g Trizma base
0.5 L dH,0
Titrate to pH 8.0 with HCL

Tris-buffered saline (TBS)

8.8 g NaCl
50 ml Tris-HCL
Top up to 1L with dH,0

Tris-buffered saline with 0.05% Tween-20
(TBST)

8.8 g NaCl

50 ml Tris-HCL

Top up to 1 L with dH,0
0.5 ml Tween-20

3.5 Enzyme-linked immunosorbent assay (ELISA)

Human OPN concentration in serum and cell supernatant were measured by ELISA (R&D Systems, UK).

In vivo serum samples from mouse blood and in vitro cell samples were diluted in standard diluents
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buffer. And standards (100ul/well) were added, and the plate was incubated at room temperature as
per manufacture instructions. All samples were developed by reacting with 100ul stabilised
chromogen. Absorbance was read by the photometric reader at 450nm.

Table 3.8 Primary antibodies for ELISA

Primary Target Species Source Product Code
antibodies

Human Human R&D system DOSTOO
osteopontin

(OPN)

3.6 Flow cytometry (FACS)

Flow cytometry is a laser-based technology for cell counting and biomarker detection.

3.6.1 Determination of cell death in vitro

Leukaemia cells were centrifuged and washed with PBS (Sigma, UK). Those cells were then stained
with propidium iodide (e-Bioscience, Cambridge, UK) and incubated in the dark at room temperature
for 5 minutes before flow cytometry analysis. 50000 cells per sample were analysed with a flow
cytometer (CyAn ADP; Beckman Coulter, US). Propidium iodide is a fluorescent dye that binds to DNA.
In addition, it cannot pass cell membranes. When excited by 488nm laser light, it can be detected
within the PE-Texas Red channel. The scatter plot of forward scatter versus the PE-Texas red was
initially analysed in naive control samples to determine the population of healthy cells. We found that
healthy cells had an intensity smaller than 10%in the PE-Texas Red channel. Any cells with an intensity
larger than 102 in PE-Texas Red channel were considered as dead cells. Then, the scatter plot of cells

with various treatments was analysed to determine the population of dead cells.

3.6.2 Determination of cell cycle in vitro

Cells were centrifuged and washed with PBS. Then, cells were stained with Vybrant DyeCycle green
stain (Thermo Fisher, UK) at the concentration of 10uM. Cells were incubated at 37°C for 30 minutes.
After staining, cells were run on BD FACS Aria-lll (Becton Dickinson, US). A count of 50000 cells per

sample was acquired.

3.6.3 Migration assay in vitro

In vitro migration assay was performed by loading 20000 cells to the upper chamber of migration
chamber. Cells were allowed to mitigate for 6 hours before being collected in the lower chamber.

Then, cells were centrifuged and washed with PBS. Finally, samples were run on a flow cytometer
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(CyAn ADP; Beckman Coulter, US) with Accu check counting beads (Thermo Fisher, UK) to determine

absolute cell counts in each sample.

3.6.4 Determination of protein expression in vitro

Leukaemia cells were washed with PBS and centrifuged. NALM-6 and Reh cells were then incubated
with antibodies (Table 3.9) and respective isotypes for 30 minutes at 37°C. After incubation, cells were
washed with PBS and samples were run on a flow cytometer (CyAn ADP; Beckman Coulter, US). Each
assay included 50000 gated events.

Table 3.9 In vitro primary antibodies and isotypes used in flow cytometry analysis

Primary Host Target Source Product Conjugation | Dilution
antibodies | species species code

CXCR4 Mouse Human eBioscience | 17-9999-42 | APC 1in 400
CXCR4 Mouse Human eBioscience | 12-9991-82 | PE 1in 400
Cb49d Mouse Human eBioscience | 12-0499-42 | PE 1in 400
1gG2b Mouse Human eBioscience | 17-04031- | APC 1in 400
kappa 82

Isotype

IgG2b Mouse Human eBioscience | 12-4031-82 | PE 1in 400
kappa

Isotype

IgG1 kappa | Mouse Human eBioscience | 12-4714-82 | PE 1in 400
Isotype

3.6.5 Determination of protein expression in vivo

Blood samples and bone marrow samples were collected via terminal cardiac puncture and bone
marrow flushing, respectively. Then, blood and flushed bone marrow samples were centrifuged at
350g for 5 minutes in the presence of red blood cell lysis buffer (Biolegend, UK). Then, primary
antibodies (Table 3.10) were given to cells, and these cells were incubated for 40 minutes at 37 °C.
Finally, samples were acquired on a flow cytometer (CyAn ADP; Beckman Coulter, US). Each assay
included 100000 gated events.

Table 3.10 In vivo primary antibodies and isotypes used in flow cytometry analysis

Primary Host Target Source Product Conjugation | Dilution

antibodies | species species code

CcDh10 Mouse Human Thermo MA1- PE 1in 200
Fisher 19627

CD19 Rat Human ebioscience | 17-0193-82 | APC 1in 400

1gG2b Mouse Human eBioscience | 12-4031-82 | PE 1in 400

kappa

Isotype
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Rat IgG2a Rat Human eBioscience | 17-4321-81 | APC 1in 400
kappa
Isotype

3.7 Animal survival

For the disease induction study, animals were monitored on a daily basis with a scoring system based
on body weight, activity, general appearance and behaviour (Table 3.11). Any animal that scored over
7 was terminated. All animals were terminated humanly 40 days post initial leukaemia cell injection.

Table 3.11 Post-injection scoring system

Criteria Score
Weight (g)

> or = pre-injection weight

90-100% pre-injection weight

80-90% pre-injection weight

< 80% pre-injection weight

Activity

Normal

Moves around cage spontaneously, but
reduced

Moves to stimulus, but not spontaneously
Huddled, not moving to stimulation

General Appearance

Normal

Evidence of poor grooming

Harsh Starring coat

Flabby appearance due to rapid accumulation
of fluid under the skin and abdominal areas
Behaviour

Traumatisation of wound

Muscle twitching 3
Back arching 5
Judgment:

0: No evidence of symptoms

1-4: Continue to monitor closely, at least on a
daily basis

5-7: Consider humane endpoint

> Or = 8: Institute humane endpoint

WO

=0

N

o

AW |O

[

3.8 Statistical analysis

All numerical data were expressed as mean + standard error (SE). Data were initially tested for
normality by Prism 6.0 (GraphPad, US). Having established data were normally distributed, one-way
ANOVA followed by Bonferroni’s post-hoc test was used for experiments with more than two variables.

Unpaired T-test was used for experiments with two variables. If data were not normally distributed,
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one-way non-parametric ANOVA test (Kruskal-Wallis test) was used. A p-value < 0.05 was considered

statistically significant.
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Figure 3.1 Intravital microscopy set up

a) Before each imaging session, 1X10°® of GFP-NALM-6 cells and vessel dye were injected IV. Then a
headpiece was installed on the calvarium of the mouse. b) A picture of procedure room c) A schematic
representation of the microscope. Heating lamp is provided to maintain the optimal body
temperature of the mouse. Deep anaesthesia is maintained by continuous flow of isoflurane. Inverted
objectives are set to focus on the mouse calvarium. Imaging processing computer produces a tile scan.
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CHAPTER 4
General anaesthetics reduce HIF-1a expression and they reduce the

phosphorylation of ERK and AKT

Jiang Cui
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4.1 Introduction

Our initial hypothesis was that propofol and sevoflurane might affect HIF-1a expression in NALM-6
and Reh cells. Both of cell lines are classic examples of B cell ALL, and each represents distinctive
genetic alterations. Reh cells feature chromosome rearrangement of TEL-AML fusion genes and
NALM-6 cells have the near diploid karyotype®”). The aim of this chapter is to explore the effect of

propofol and sevoflurane on HIF-1a expression and identify underlying mechanisms.

4.2 Experiment Design

NALM-6 cells were treated with a rising concentration of propofol from 1 to 10pg/ml (5.6-56uM).
After treatment with propofol, western blot and immunostaining were carried out to probe with
specific antibodies. In recovery time studies, fresh medium was given to cells after 6 hours of propofol
treatment, and 24 hours of additional recovery time was given. After treatment, western blot and
immunostaining analyse were carried out.

The chosen concentrations of propofol were derived from previous studies* 1% 111138 \When injected
into the bloodstream, propofol quickly binds to erythrocytes and serum proteins (almost exclusively
to albumin). One study demonstrated 40% of propofol molecules bund to erythrocytes and serum

proteins!*8

at clinically relevant concentrations of propofol (0.5 to 16ug/ml). The clinical formulation
of propofol was used (Diprivan). So, intralipid control was included in our experiments. 10% intralipid
was added to the cell medium to recreate the amount of intralipid in the highest 10ug/ml (56uM)
dose of propofol being used.

NALM-6 cells were also treated by 3.6% (MAC 2.0) of sevoflurane for 2, 4 and 6 hours followed by
western blot and immunostaining analysis. 2, 4 and 24 hours recovery time were given in recovery
time experiments.

Hypoxia treatment (<1% of oxygen) was also given to cell culture in conjunction with propofol and

sevoflurane for 6 hours. At the end of exposure, cells were subjected to western blot and

immunostaining analysis. Some experiments were replicated by using Reh cells.
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4.3 Results

4.3.1 Propofol reduces HIF-1a expression in a concentration-dependent manner, and its effect is

relatively short-lived

As we can see from Figure 4.3, NALM-6 cells express high level of HIF-1a even under normoxia. This is
possibly due to the mutations in tyrosine receptors or mutations in upstream pathways leading to
enhanced transcription of HIF-1a**®". Our data showed 6 hours of clinically relevant concentrations of
propofol (1 to 10pg/ml) reduced the expression of HIF-1a in a concentration-dependent manner
(Figure 4.3a). 10% intralipid (VC: vehicle control) did not affect the expression of HIF-1a (Figure 4.3a).
To further demonstrate the inhibitory effect of propofol on HIF-1a expression, we treated cells with 6
hours of hypoxia (0> < 1%) and 10ug/ml of propofol. After hypoxia treatment, the HIF-1a level was
elevated (Figure 4.3b) which was abolished by propofol (Figure 4.3b). Intralipid did not affect the
expression of HIF-1a.

Then, we studied the longevity of propofol’s effect on HIF-1a expression. NALM-6 cells were initially
treated with 10ug/ml of propofol for 6 hours followed by 24 hours recovery time of incubation with
fresh culture medium. Clearly, after 24 hours of recovery time, the reduction effect of propofol pre-
treatment was diminished (Figure 4.3c).

Interestingly, HIF-1R expression was not changed after propofol treatment (Figure 4.3e)(n=4). The
inhibitory effect of HIF-1a by propofol was validated by using Reh cells (Figure 4.3d)(n=4). The image
shown here in Figure 4.3 is a representative image selected from 4 images.

In order to confirm results obtained from Western blot, confocal microscopy images were taken on
NLAM-6 cells treated with 6 hours hypoxia (O, < 1%) or hypoxia + 10ug/ml propofol for 6 hours (Figure
4.4)(n=3). The image shown here in Figure 4.4 is a representative image selected from 3 images. We
observed some translocations of HIF-1a from cytoplasm to nucleus (indicated by white arrows), which
was then successfully reversed by propofol treatment. Given the fact we only gave 6 hours of hypoxia,

only a small amount of cells with HIF-1a translocation was expected*?),
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4.3.2 HIF-1a is reduced by sevoflurane in a time-dependent manner and its effect is long-term

NALM-6 cells were treated with 3.6% of sevoflurane for 2, 4 and 6 hours. After treatment, cells were
harvested for western blot and immunostaining analysis. Our data demonstrated HIF-1a was only
reduced significantly after 6 hours of exposure (Figure 4.5a). 6 hours of hypoxia (02 < 1%) increased
the expression of HIF-1a which was then reduced by 3.6% of sevoflurane (Figure 4.5b). In addition,
the increased translocation of HIF-1a into the nucleus after 6 hours of hypoxia was abolished by
sevoflurane (Figure 4.4)(n=3). The image shown here in Figure 4.4 is a representative image selected
from 3 images. We also studied the longevity of sevoflurane’s effect on HIF-1a expression (Figure 4.5¢
and d). NALM6 cells were initially treated by 2 hours of sevoflurane followed by 4 and 24 hours of
recovery time (Figure 4.5c). HIF-1a expression was continuously reduced after 24 hours of recovery
time. Then, we extended the initial exposure of sevoflurane to 6 hours followed by 24 hours of
recovery time (Figure 4.5d). HIF-1a was significantly reduced after 6 hours of exposure and its
expression was reduced further after 24 hours of recovery time. We confirmed the inhibitory effect
of sevoflurane on HIF-1a by using Reh cells (Figure 4.5e) (n=4). Similar to propofol, HIF-1B expression
was not altered by exposure of sevoflurane (Figure 4.5f) (n=4). The image shown here in Figure 4.5 is

a representative image selected from 4 images

4.3.3 Propofol reduced the phosphorylation of AKT and ERK

As we discussed earlier, cellular elevation of HIF-1a protein is achieved through hypoxic and non-
hypoxic means. Previous literature suggested that general anaesthetics affected upstream pathways
associated with transcription of hif-1a gene rather than affecting degradation pathways of HIF-1a*
120) Therefore, we studied three upstream pathways of HIF-1a: PI3K-AKT, MAPK-ERK, and JAK-STAT3
pathways.

NALM-6 cells were treated with 1 to 10pg/ml of propofol for 6 hours then cells were harvested for
western blot. Propofol reduced the phosphorylation of AKT *¢" 43 and ERK 1/2 in a concentration-
dependent manner (Figure 4.6a). However, STAT3 phosphorylation was not affected, suggesting
STAT3 was not involved in the action of propofol. Then, we gave 24 hours of recovery time to NALM-
6 cells which were initially treated by 10 ug/ml of propofol. The inhibitory effect of propofol on the
phosphorylation of ERK and AKT was not observed after 24 hours of recovery time (Figure 4.6b). This
phenomenon corresponded with the reduction of HIF-1a expression after propofol treatment. Finally,
we showed 6 hours of hypoxia did not increase the phosphorylation of ERK and AKT, but propofol

reduced their phosphorylation (Figure 4.7a).
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4.3.4 Sevoflurane reduced the phosphorylation of ERK

NALM-6 cells were treated with 3.6% of sevoflurane for 2, 4 and 6 hours followed by western blot
analysis. We found neither JAK-STAT3 nor PI3K-AKT pathways were affected by sevoflurane. However,
3.6% of sevoflurane greatly reduced phosphorylation of ERK (Figure 4.8a). Reduction in the
phosphorylation of ERK was not seen after 2 hours of sevoflurane exposure. However, after 4 hours
of exposure, a dramatic decrease in ERK phosphorylation was observed. Surprisingly, after 6 hours of
exposure, nearly all phosphorylation of ERK was inhibited (Figure 4.8a).

We were encouraged by these results. Then, we studied phosphorylation of ERK after sevoflurane
treatment with recovery time. Expectedly, after a short exposure of sevoflurane (2 hours), a strong
inhibition of ERK phosphorylation was neither seen straight after exposure nor after 4 hours of
recovery time, rather it was observed after 24 hours of recovery time (Figure 4.8b). When a longer
exposure of sevoflurane was given initially (6 hours), a strong inhibition of ERK phosphorylation was
recorded both at the end of exposure (6 hours) and after 24 hours of recovery time (Figure 4.8c).

6 hours of hypoxia did not significantly increase the phosphorylation of ERK, and sevoflurane reduced

its phosphorylation under hypoxia (Figure 4.8d).
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4.4 Discussion

Currently, there is no literature describing the effects of general anaesthetics on human leukaemia.
We attempted to fill this knowledge gap with our study. In contrast to some of the current literature
on other cancer cell types, we found inhalational general anaesthetic sevoflurane reduced HIF-1a
instead of increasing it* 16% 61 Our propofol data is in line with most current literature!* 138, The
discrepancy between our data and data reported elsewhere may lie in the difference of cancer types.
According to our data, leukaemia cells have a high expression of HIF-1a, even under normoxia. We
suggest two reasons are associated with this phenomenon. Firstly, the elevated level of HIF-1a is
intrinsic to leukaemia cells as hypoxia is an integral component of BM*?®), Secondly, HIF-1a protein
synthesis is thought to be enhanced in ALL. Mutations of tyrosine kinase leading to HIF activation and
mutations in HIF upstream pathways are identified in ALL. These mutations include enhanced
activation of PI3K and JAK pathway and mutation of platelet-derived growth factor receptor beta
(PDGFRB)!162) (163),

Apart from HIF-1a, we demonstrated HIF-18 expression was not affected by general anaesthetics. This
confirmed the work of others®). In future experiments, we propose to study whether general
anaesthetics affect expression of HIF-2a.. Two reports demonstrated the general anaesthetics affected
the expression of HIF-2a in a solid cancer model (108 (28),

A few studies investigated the underlying mechanism by which HIF-1a was affected by general
anaesthetics® 2% 180 They confirmed general anaesthetics did not affect the degradation of HIF-1a
but modulated HIF in a translational dependent pathway* 2% %) |n our study, the level of hif-1o: gene
expression after general anaesthetics was not investigated. It will be explored in future experiments.
In our study, propofol reduced the phosphorylation of ERK and AKT and sevoflurane only affected the
ERK pathway. It could be speculated that the inhibitory effect of propofol and sevoflurane on the
expression of HIF-1a is possibly mediated by ERK and AKT pathways, as they are both upstream
pathways of HIF-1a!**?. Inhibitory studies with ERK and AKT inhibitors are needed to confirm those
two pathways are, indeed, responsible for the inhibitory effect of general anaesthetics on HIF-1a
expression®,

We propose to validate our in vitro results under in vivo and clinical settings. The ALL leukaemia model
is established via injection of NALM-6 cells to mouse IV and cells are allowed to multiply and propagate
in vivo*®¥ . A few weeks after disease induction, general anaesthetic treatment protocol is given to the
disease-bearing mouse. When the disease-bearing mouse is sacrificed, NALM-6 cells are sorted via
flow sorter. HIF-1a expression of sorted NALM-6 cells is detected via western blot. This will confirm

whether general anaesthetics reduce HIF-1a in vivo.
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For the human study, we propose to treat clinical human B-ALL cells with general anaesthetics in vitro.
Clinical human cancer cells have few advantages over immortalised cancer cell lines!*%> 1% Cancer cell
lines are known to evolve in culture. The extent of the resultant genetic and transcriptional
heterogeneity has been proved to be dramatically different from original cells. Ben-David et al
demonstrated cells within the same cell line with different passage numbers are highly heterogeneous
in terms of their genetics, transcriptomics and responses to therapeutics*®®. Thus, cell culture
conditions and passage number of cell lines influence experimental outcomes. Experiments on clinical

human B-ALL cells will provide excellent validation to our existing data.
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Figure 4.3 Propofol reduces HIF-1a expression in NALM-6 cells

a) Western blot and densitometry of HIF-1a expression in NALM-6 cells following 6 hours treatment
of intralipid (vehicle control) and propofol (1-10ug/ml). Data are illustrated as meants.e.m (n=4)
*P<0.05, **P<0.01, ***P<0.001 vs vehicle control (VC). Data are analysed by one-way ANOVA
followed by Bonferroni’s post-hoc test. NC: Naive control, VC: Vehicle control, P1-P10: 1-10ug/ml of
propofol. b) 6 hours of 10ug/ml of propofol treatment clearly reduce the hypoxia-induced expression
of HIF-1a in NALM-6 cells. Data are illustrated as meants.e.m (n=4). **P<0.01, ***P<0.001. Data are
analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, P10: 10ug/ml
of propofol, HP: hypoxia, VC: vehicle control. c) The effect of propofol on HIF-1a expression is relatively
short-lived. 10ug/ml of propofol was used to treat NALM-6 cells, then 24 hours recovery time was
given. Data are illustrated as meants.e.m (n=4). *P<0.05. Data are analysed by one-way ANOVA
followed by Bonferroni’s post-hoc test. NC: naive control, P10: 10ug/ml of propofol, VC: vehicle
control. d) Reh cells were treated with propofol (1-10ug/ml) and intralipid (vehicle control) for 6 hours
followed by western blot analysis. NC: naive control, VC: vehicle control and P10: 10ug/ml. The image
shown here is a representative image selected from 4 images (N=4). e) HIF-1B expression is not
affected by 6 hours treatment of propofol (10pg/ml) and intralipid (VC) in NALM-6 cells. NC: naive
control, VC: vehicle control and P10: 10ug/ml. The image shown here is a representative image
selected from 4 images (N=4).
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Hypoxia (<1% oxygen) 10 pg/ml Propofol + Hypoxia 3.6% Sevoflurane + Hypoxia

DAPI

HIF-1a

HIF-1

Figure 4.4 General anaesthetics reduce the translocation of HIF-1a into the nucleus

Confocal microscopy images show the translocation of HIF-1a after different treatments. After 6 hours
of hypoxia, not all cells exhibit a significant translocation of HIF-1a. 5 cells are indicated with white
arrows. Those cells show a significant translocation of HIF-1a (red) from the cytoplasm to the nucleus
(blue). However, when propofol or sevoflurane is given to cells under hypoxia, the translocation of
HIF-1a (red) from the cytoplasm to the nucleus (blue) could no longer be observed in any cells. Scale
bar: 20 um
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Figure 4.5 Sevoflurane reduces HIF-1a expression in NALM-6 cells

a) Sevoflurane reduces HIF-1a expression in a time dependent manner. NALM-6 cells were treated
with 3.6 % of sevoflurane (MAC 2.0) for 2, 4 and 6 hours respectively. Data are illustrated as
meants.e.m (n=6) ***P<0.001 vs Naive control (NC). Data are analysed by one-way ANOVA followed
by Bonferroni’s post-hoc test. NC: Naive control, Sevo 2hr: Sevoflurane 2 hours, Sevo 4hr: Sevoflurane
4 hours, Sevo 6hr: Sevoflurane 6 hours. b) 6 hours of sevoflurane significantly reduced HIF-1a
expression induced by hypoxia (6 hours) in NALM-6 cells. Data are illustrated as meants.e.m (n=4).
**P<0.01, ***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test.
NC: Naive control, HP: Hypoxia, HP+Sevo: Hypoxia+sevoflurane (6 hours). ¢) NALM-6 cells were
treated with 3.6% of sevoflurane for 2 hours followed by 4 and 24 hours recovery. Data are illustrated
as meants.e.m (n=4). *P<0.05. Data are analysed by one-way ANOVA followed by Bonferroni’s post-
hoc test. NC: Naive control, Sevo 2hr: Sevoflurane 2 hours, Sevo 2+4hr: Treatment of sevoflurane for
2 hours followed by 4 hours of recovery time, Sevo 2+24hr: Treatment of sevoflurane for 2 hours
followed by 24 hours of recovery time. d) the effect of sevoflurane on HIF-1a in NALM-6 cells were
relatively long term. Cells were initially treated with 3.6% of sevoflurane for 6 hours followed by 24
hours recovery. Data are illustrated as meants.e.m (n=4). ¥*P<0.01, ***P<0.001. Data are analysed
by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, Sevo 6hr: Sevoflurane
6 hours, Sevo 6+24hr: Treatment of sevoflurane for 6 hours followed by 24 hours of recovery time. e)
Reh cells were treated with 3.6% of sevoflurane for 6 hours followed by western blot analysis. NC:
Naive control, Sevo: Sevoflurane treatment for 6 hours. The image shown here is a representative
image selected from 4 images (N=4). f) HIF-18 expression was not affected by 6 hours treatment of
sevoflurane (3.6%) in NALM-6 cells. Naive control (NC), Sevo: Sevoflurane treatment for 6 hours. The
image shown here is a representative image selected from 4 images (N=4).
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Figure 4.6 Propofol reduces the phosphorylation of AKT and ERK

a) Western blot analysis and densitometry of pSTATA, pAKT, pERK in NALM-6 cells. Cells were treated
with 6 hours treatment of intralipid and propofol (1-10ug/ml). Then, cells were harvested for western
blot analysis. Data are illustrated as meanzs.e.m (n=4). *P<0.05 vs Vehicle control (VC). Data are
analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, VC: Vehicle
control, P1-P10: 1-10ug/ml of propofol. b) NALM-6 cells were treated with 10ug/ml of propofol
followed by 24 hours of recovery time. Then, cells were harvested for western blot analysis. Data are
shown as meants.e.m (n=4). *P<0.05, **P<0.01. Data are analysed by one-way ANOVA followed by
Bonferroni’s post-hoc test. NC: Naive control, VC: Vehicle control, P1-P10: 1-10ug/ml of propofol.
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Figure 4.7 Propofol reduces the phosphorylation of AKT and ERK under hypoxia

a) NALM-6 cells were treated with 10ug/ml of propofol and hypoxia (<1% of oxygen) for 6 hours. Data
are shown as meants.e.m (n=4). *P<0.05, **P<0.01. Data are analysed by one-way ANOVA followed
by Bonferroni’s post-hoc test. NC: Naive control, VC: Vehicle control, HP: Hypoxia, HP+VC:
Hypoxia+vehicle control(intralipid), HP+P10: Hypoxia+10ug/ml of propofol.
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Figure 4.8 Sevoflurane reduces the phosphorylation of ERK

a) Western blot analysis and densitometry of pAKT and pERK in NALM-6 cells. Cells were treated with
2, 4 and 6 hours of sevoflurane (3.6%). Data are shown as meants.e.m (n=4). ***P<0.001 vs Naive
control (NC). Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive
control, Sevo 2hr: Sevoflurane 2 hours, Sevo 4hr: Sevoflurane 4 hours, Sevo 6hr: Sevoflurane 6 hours.
b) NAML-6 ells were treated with 3.6% of sevoflurane for 2 hours, then 4 and 24 hours of recovery
time were given. Data are shown as meants.e.m (n=4) *P<0.05, **P<0.01. Data are analysed by one-
way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, Sevo 2hr: Sevoflurane 2 hours,
Sevo 2+4hr: Treatment of sevoflurane for 2 hours followed by 4 hours of recovery time, Sevo 2+24hr:
Treatment of sevoflurane for 2 hours followed by 24 hours of recovery time. c) Cells were treated
with 3.6% of sevoflurane for 6 hours, then 24 hours of recovery time was given. After treatment, cells
were harvested for western blot analysis. Data are illustrated as meants.e.m (n=4). **P<0.01,
***P<0.001 vs Naive control (NC). Data are analysed by one-way ANOVA followed by Bonferroni’s
post-hoc test. NC: Naive control, Sevo 6hr: Sevoflurane 6 hours, Sevo 6+24hr: Treatment of
sevoflurane for 6 hours followed by 24 hours of recovery time. d) NALM-6 cells treated with 3.6% of
propofol and hypoxia (<1% of oxygen) for 6 hours. Data are illustrated as meanzs.e.m (n=4).
***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive
control, HP: Hypoxia, HP+Sevo: Hypoxia+sevoflurane (6 hours).
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CHAPTER 5

General anaesthetics reduce leukaemia malignancy

Jiang Cui
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5.1 Introduction

In the last chapter, we identified that HIF-1a protein synthesis was reduced by sevoflurane and
propofol. It is important to understand whether any potential downstream effectors of HIF-1a are

modulated by general anaesthetics.

5.2 Experiment Design

5.2.1 In vitro

HIF-1a is implicated in many physiological and pathological processes. In this study, we studied the
viability, proliferation, CXCR4 expression and migration of NALM-6 cells after treatment of sevoflurane
and propofol in vitro. In addition, HIF-1a siRNA and nonsense siRNA were also used to confirm the
above-mentioned parameters were, indeed, downstream to HIF-1a. Migration data was replicated by
using Reh cell lines in vitro. Figure 5.1 and Figure 5.2 illustrate the in vitro experiment design.

In our study, we used the ki-67 protein to study the proliferation of leukaemia cells. The ki-67 protein
(or ki-67) is a cellular marker for proliferation, and it can be used in both western blot and
immunohistochemistry. It is strictly associated with cell proliferation, and it is present during all active
phases of the cell cycle (Gy, S, G, and mitosis). However, ki-67 is absent in resting cells (Go)**”. We

stained ALL cells with the ki-67 antibody and it can be visualised under the microscope.

5.2.2 In vivo

After observing the potential effects of general anaesthetics on leukaemia cells in vitro, we developed
a mouse model to validate in vitro data. We developed in vivo homing and migration assay with two
photon intravital confocal microscopy.

NALM-6 cells were pre-treated with 10ug/ml of propofol and 3.6 % of sevoflurane for 12 hours
(overnight). Then, cell number and viability were recorded using flow cytometry. We found after 12
hours of treatment, no cell death was seen by flow cytometry or by trypan blue exclusion assay. 1X10°
NALM-6 cells were injected into C57BL/6J mice IV followed by a small incision to expose mouse
calvarium. Then, a calvarium window was fixed before injection of vessel dye IV. Finally, the imaging
session was carried out to capture tile scans and time-lapse scans. They are two main reasons that
calvarium was the chosen site for imaging. Firstly, mouse calvarium is the very thing which allows easy
penetration of the laser beam. In addition, calvarium is superficial and could be easily exposed with
small incisions. Long bones like femur and tibia are deep and surrounded by muscle and tissue. From
the animal warfare point of view, small incisions on calvarium are less invasive with fewer

complications. Figure 5.3 shows the sequential events before each imaging session.
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Before we were able to establish GFP-NALM-6 cells, we used pre-stained cells for mice injections.
NALM-6 cells were pre-stained with CD19-PE, CD-10-APC and/or Vybrant DiD cell labelling solution for
45 minutes. We found stained cells were inferior to GFP tagged cells in terms of resolution and signal
to noise ratio. Therefore, experiments with stained cells were only used for counting the number of

cells in the BM.
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5.3 Results

5.3.1 Propofol reduces the proliferation and the CXCR4 expression of NALM-6 cells

NALM-6 cells were treated with clinically relevant concentrations of propofol (5 and 10ug/ml) for 6
hours followed by cell viability, ki-67, cell cycle and CXCR4 expression analysis (Figure 5.4a, b and c).
Initially, we used the haemocytometer to study the viability of leukaemia cells after the treatment of
propofol in vitro. NALM-6 cells were treated with 10ug/ml (56uM) for 6 hours. After propofol
treatment, cells were stained with trypan blue. Then, a haemocytometer was filled with stained cells,
and cells were counted under a microscope. Live cells have intact cell membranes that exclude trypan
blue, whereas dead cells do not. Blue cells were considered as dead cells. Results showed that 6 hours
of propofol treatment did not significantly affect the viability of NALM-6 cells in vitro (data not shown,
n=6). Ki-67 analysis showed a reduction of Ki-67 positive cells after the treatment of 10ug/ml propofol
for 6 hours (Figure 5.4a). In order to confirm this data, we used flow cytometry-based Vybrant
DyeCycle stain to study cell proliferation in NALM-6 cells after propofol treatment. Our data confirmed
10ug/ml of propofol increased GO/G1 phases, introducing the cell cycle arrest in NALM-6 cells (Figure
5.4b).

In terms of surface CXCR4, its expression was significantly reduced by 5 and 10ug/ml propofol (Figure
5.4c). 6 hours of hypoxia treatment increased surface CXCR4 expression roughly by 20%. Propofol

significantly reversed the elevated expression of CXCR4 induced by hypoxia (Figure 5.4d).

5.3.2 Sevoflurane reduces the proliferation and the CXCR4 expression of NALM-6 cells

Similar to propofol, results from the haematocytometer study showed that sevoflurane (3.6%, MAC
2.0) did not significantly affected the viability of NALM-6 cells in vitro (data not shown, n=6). 3.6 % of
sevoflurane reduced the proliferation of NALM-6 cells after 6 hours of exposure. Treated NALM-6 cells
had a smaller proportion of Ki-67 positive cells when compared to naive control cells (Figure 5.5a). We
confirmed the results by using flow cytometry-based Vybrant DyeCycle stain to study cell proliferation
(Figure 5.5b). 6 hours of sevoflurane clearly increased the proportions of G1/G0 phase in NALM-6 cells,
inducing the cell cycle arrest (Figure 5.5b). Then, NALM-6 cells were exposed to 2, 4 and 6 hours of
sevoflurane. Sevoflurane treatment reduced the CXCR4 expression in a time-dependent manner
(Figure 5.5c). Finally, sevoflurane remarkably reduced the elevated CXCR4 expressions induced by 6

hours hypoxia (Figure 5.5d).
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5.3.3 General anaesthetics may reduce the migration and the proliferation of NALM-6 cells

through HIF-1a mediated mechanisms

CXCR4 is responsible for migration of haematological cells include leukaemia cells.

After observing the inhibitory effect of propofol and sevoflurane on CXCR4 expression in NLAM-6 cells,
we hypothesised that the general anaesthetics might reduce the migration of leukaemia cells. An in
vitro migration chamber was set up consisting of treated NALM-6 cells on the upper chamber and
stromal cell-derived factor 1 (SDF-1 also known as CXCL12) in the lower chamber. SDF-1 is the ligand
for CXCR4, acting as a chemoattractant. NALM-6 cells were allowed to migrate for 6 hours. Our data
demonstrated the significant difference in the number of cells that migrated from the upper to lower
chamber. Both 5 and 10ug/ml of propofol and 3.6 % of sevoflurane significantly reduced migration of
NALM-6 cells in vitro. The number of cells that migrated in 10ug/ml propofol treated group was
reduced to 1/3 of cells when compared to control group (Figure 5.6a). Sevoflurane roughly reduced
the cell migration by 50% when compared to control (Figure 5.6b).

As shown previously (Figure 4.3 and Figure 4.5), propofol and sevoflurane reduced the HIF-1a
expression in ALL cells and they both reduced the proliferation of ALL cells. It was reasonable to
hypothesise that proliferation was a downstream effector of HIF-1a. HIF-1a was temporarily knocked
down with HIF-1a siRNA (the knock down was validated via western blot. data not shown, n=4),
followed by cell cycle analysis using flow cytometry. A reduction in HIF-1a expression was positively
associated with an increase of G1/GO phase in NAML-6 cells (cell cycle arrest) and a subsequent
decrease of cell proliferation was seen (Figure 5.6c).

We confirmed CXCR4 was a downstream effector of HIF-1a by using siRNA. After HIF knockdown,
CXCR4 expression was reduced by 50% (Figure 5.6d). Migration of NALM-6 cells was reduced from
around 4000 cells in control to 2000 cells after HIF-1a siRNA treatment (Figure 5.6e). It was surprising
to find that propofol reduced the migration the most among (control: 6000 cells vs treated: 2000) all
treatments including HIF knockdown, suggesting propofol may have additional mechanisms to
influence migration.

We replicated the in vitro migration data by using Reh cell line. As expected, general anaesthetics
greatly reduced migration of Reh cells (Figure 5.7a). Both general anaesthetics reduced the number

of migrated cells by around 50% (around 3000 in control and 1500 in treated) (Figure 5.7a).
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5.3.4 General anaesthetics reduce the migration of NALM-6 cells in vivo

We validated the in vitro migration data by an in vivo migration assay. A in vivo model of migration
assay was set up by using multi-photon intravital microscopy. GFP- expressing NALM-6 cells were
engineered by transducing NALM-6 cells with GFP packed lentivirus. 1 X 10° of pre-treated
(sevoflurane or propofol) GFP-NALM-6 cells were injected into C57/BL6 mice IV followed by calvarium
window placement and injection of vessel dye IV. Then, a time-lapse was taken by a specially made
microscope. Each time-lapse lasted 66 minutes with one image taken every 3 minutes for a total of 22
images (Figure 5.8a, b and c). 22 images were, then, combined together to produce a time-lapse.
Image J was used to analyse the track length and speed of each cell. After analysis, we found propofol
and sevoflurane profoundly reduced the displacement of NLAM-6 cells in vivo. With anaesthetic
treatment, all displacements of GFP-NALM-6 cells were below 50 um (Figure 5.8d). Displacement here
means the linear distance between the initial position of the cell and the last position of the cell. We
believe this measurement can, to a large extent, represent the migratory ability of cells in vivo. The
mean speed of GFP-cells was also calculated. We only measured the mean speed of cells in BM not
the speed of cells in blood vessels. Propofol and sevoflurane significantly mitigated the migration
speed of cells in vivo (Figure 5.8e). The speed of most cells was below 0.05um/s after anaesthetic
treatment (Figure 5.8e). In addition to the two measurements we used above, we found total track
length to be important. It represents all distances a cell has travelled in the entire movie. For example,
a cell might have travelled a great distance in the first 30 minutes but then returned to the original
spot at the end of the movie. The displacement (a vector quantity) of the cell would be 0 um but the
total track (a scalar quantity) would be considerably larger. Displacement / total track (Figure 5.6f)
gives a figure between 0 and 1. The figure close to 0 means the cell is travelling in a relatively round
track and the number close to 1 means the cell is travelling in a more linear fashion. We observed
propofol and sevoflurane did not affect how straight the cells travel in vivo (Figure 5.8f).

Examples of time-lapse movies are submitted (Appendix) to examiners in memory sticks.
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5.3.5 General anaesthetics reduce the humber of NALM-6 cells entering BM in vivo and increase the

distance between leukaemia cells and endosteal surface in vivo

It is known that B-ALL cells migrate to unique anatomic regions in BM defined by specialised
endothelium that expresses SDF-1 and adhesion molecule E-selectin®®. This process is called homing
and it is critical in leukaemia development and maintenance. It was shown that disruption of the
CXCR4/SDF-1 axis severely inhibited the homing process*3? and resulted in poor engraftment of
leukaemia cells in BM. We showed general anaesthetics modulated CXCR4 expression through HIF-
la (Figure 5.6). Therefore, we hypothesised general anaesthetics may disrupt the homing process of
B-ALL cells in vivo. A mouse model similar to that of migration study was set up for imaging. 1X1076
of GFP-NALM-6 cells (or NALM-6 cells stained with PE-CD19 and/or DiD dye) were injected IV. A
calvarium window was fixed followed by injection of vessel dye. Figure 5.9 illustrates the location of
the imaging window on calvarium and strategy of imaging (tile scan) (Figure 5.9a). Then, tile scan was
used to count the number of cells entered BM space and calculate the distance between each cell and
bone surface.

After careful analysis, we found there were fewer cells entered the BM space after general anaesthetic
treatment, possibly due to the disruption of CXCR4/SDF-1 axis by general anaesthetics (Figure 5.9b).
Experiments conducted with NALM-6 cells stained with PE-CD19 and/or DiD dye were included in the
analysis. It is clear that after treatment of propofol and sevoflurane, fewer than 100 cells entered BM
compared to 100-300 cells in BM space in naive control group (Figure 5.9b).

We took the endosteal surface of the bone as a reference point for homing location rather than
distance to nearby blood vessels. As the bone surface signal was acquired by a separate laser (Main
Tai), it provided better structural integrity for images, and the captured images were less likely to be
distorted. Our results showed that propofol and sevoflurane altered the distance between the
endosteal surface of the bone and NALM-6 cells, hence changing the homing location of NALM-6 cells
(Figure 5.9c¢). This potentially could result in poor engraftment and homing failure.

Examples of tile scan are submitted (Appendix) to examiners in memory sticks.

In addition, we analysed the data collected from tile scans and time lapses with a threshold approach.
For displacement data, we set the median of naive control cells as the threshold (Median=10.937um)
(Figure 5.10 a). Then, we counted the number of cells with a displacement larger than the median in
all treatment groups. We found that general anaesthetics reduced the number of cells with a
displacement larger than 10.937um. We performed the same data analysis on migration data. The
median of naive control cells was determined initially (Median=0.013um/s). We found that general
anaesthetics reduced the number of cells with a mean speed larger than 0.013um/s (Figure 5.10 b).

Finally, the median distance of naive control cells to the nearest endosteal surface was calculated
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(Median=7.79um). Expectedly, general anaesthetics increased the number of cells with a distance to

the nearest endosteal surface larger than 7.79um (Figure 5.10 c).
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5.4 Discussion

In our in vitro data, we determined CXCR4 expression, proliferation and migration were reduced by
propofol and sevoflurane via HIF-1a mediated mechanisms. And we also found cell viability was not
affected by treatment with the general anaesthetics.

Our data on propofol reducing proliferation is consistent with many current literature®® 68170,
Propofol was shown to reduce proliferation and migration in breast cancer cells, prostate cancer cells,
hepatocarcinoma cells and choriocarcinoma cells. An increase of HIF-1a was associated with both
reduction and an increase in cell proliferation'*’*” and it seems that the cell type ultimately determines
the role of HIF-1a in proliferation. In prostate cancer cells and neuroblastoma cells, HIF-1a was
positively associated with cell proliferation® 72, In both of those two cell lines, proliferation was
reduced by propofol in HIF-1a mediated pathways. On the other hand, B lymphocytes demonstrated
reduced proliferation under hypoxic conditions, but not when the same cell type from hif-1a deficient
mice were exposed to hypoxia*’®, suggesting HIF-1a was negatively correlated with proliferation in B
lymphocytes.

Currently, the effects of sevoflurane on cell proliferation are not well understood, and it is highly
dependent on the cell type. Sevoflurane was shown to promote proliferation in glioma stem cells®*3”
and canine mammary tumour cells"’?. However, sevoflurane was associated with suppression of
proliferation in breast cancer cells"’>. Finally, sevoflurane did not show any effects on proliferation in
human embryonic stem cells*’®. Our data demonstrated that clinically relevant concentrations of
sevoflurane decreased proliferation of leukaemia cells in HIF-1a mediated pathways.

Although we did not study the intracellular mechanism by which HIF-1a regulated proliferation, we
speculated it could be one of 3 mechanisms.

1): interaction between HIF-1a and Myc (a family of proto-oncogenes). HIF-1a overexpression leads
to displacement of Myc from its DNA binding site, causing the depression of genes encoding p21 and
p27. Both of them are important cell proliferation regulators*’”),

2): The HIF-mediated transcriptional activation is linked to the Jumonji C domain-containing family of
histone demethylases. They induce cellular senescence and can be influenced by HIF-1a activation*’®
179 |n particular, JIMJD1A and JMJD2B are downstream targets of HIF-1a!*7®),

3): HIF-1a has a direct effect on the DNA replication machinery, as it has been shown that HIF-1a binds
directly to multiple components of the MCM DNA helicase and the helicase loading factor Cdc6(18% 181,
This is associated with an increase in Cdc6 and MCM chromatin interaction and decreased recruitment
of the activating kinase Cdc 7, leading to a decreased replication and a reduction in cell

proliferation®®). Additional studies should be granted to interpret which downstream pathways are

associated with the inhibitory effect of propofol on proliferation.
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The NALM-6 cell line is a suspension cell line. Immunostaining of ki-67 on the suspension cell is rather
difficult. Unlike adherent cells, suspension cells require an additional biological agent (poly-L lysine)
to anchor them to the petri dish. The strength of anchoring is relatively weak which makes cells
vulnerable to washing steps. In addition, primary and secondary antibodies are likely be adhere to peri
dishes, making artefacts far more frequent. This explains the inconstancy of image quality captured
from ki-67 experiments.

CXCR4 is a well-known downstream target for HIF-1a in many cells include hematopoietic stem
cells*®?, osteosarcoma cells*®), and RCC cells*®¥. In particular, a feed-forward loop between nuclear
translocation of CXCR4 and HIF-1a was identified where CXCR4 was translocated into the nucleus and
interacted with HIF-1a. Increased HIF-1a expression, in turn, promoted CXCR4 expressions in RCC cells
in vitro*®¥ ., Our data illustrated both propofol and sevoflurane dramatically reduced CXCR4 expression
and mitigated migration of B-ALL cells presumably via HIF-1a pathway. Propofol was associated with

the reduction of migration in human leukocytes*®), osteoblastoma cells*®®, hepatocellular carcinoma

§(169) 187)

cells*®, gastric cancer cells'*®”), pancreatic cancer cells*®® and endometrial cancer cells*®®). However,
none of the above studies investigated the role of CXCR4 in migration.
Vast majority of studies reported sevoflurane increased migration. Sevoflurane was shown to promote

(190) " preast cancer cells“!, and ovarian cancer cells“??. In particular,

migrations in glioblastoma cells
the ovarian cancer model demonstrated CXCR2 gene expression was enhanced by sevoflurane
exposure??. The contrast between our data and current literature might lie in the difference of cell
type. Migration of cancer cells are complex. Locally, they may rely on the morphology changes and
acquire the migratory force by the fibronectin/integrin*®?. Migration of B-ALL cells almost solely relies
on CXCR4**). The absence or low abundance of CXCR receptors on solid tumour cancer surface may
grant them different responses to sevoflurane treatment.

It would be interesting to study the profile of proliferation and CXCR4 expression of the cells that
migrated to the lower chamber after propofol and sevoflurane exposure. According to our data, it is
entirely possible that the treatment of general anaesthetics only affects a proportion of leukaemia
cells, leaving a small proportion of unaffected cells. These proliferative leukaemia cells may still
process a high level of CXCR4 and migrate to the lower chamber. The non-proliferative or slowly
proliferative cells with reduced expression of CXCR4 do not migrate to the lower chamber. In future
experiments, we will collect migrated cells in the lower chamber after general anaesthetic treatment
and co-stain them with CXCR4 and Ki-67 antibodies to study proliferation and CXCR4 expression.
Currently, there is no literature describing the effect of general anaesthetics on the migration of
cancer cells in vivo. Part of the reason is due to the complexity and difficulty of tracking live cells in

vivo. We deployed a novel imaging technique (intravital microscopy) to achieve our aims here.
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Conventional in vivo migration assay usually require many complex steps including the sacrifice of
animals, additional processing of samples, flow cytometry and immunohistochemistry analysis°3.
However, with intravital microscopy, animals are still alive during the imaging session, and no
additional processing of the sample is needed. Therefore, the ‘freshness’ of the sample is preserved
and we, as viewers, can directly observe the movement of cells in real-time.

Our study showed propofol and sevoflurane treated cells had a significant reduction in displacement
and mean speed. As cells were pre-treated with propofol and sevoflurane, potentially, the reduction
in both CXCR4 and HIF-1a expression were responsible for the decrease of displacement and mean
speed. Cells treated with HIF-1a siRNA should be used in the future to confirm these results. It would
be interesting to sort GFP-cells after calvarium experiments and pass them through the in vitro
migration assay again for confirmation. In addition, we would like to determine whether relatively fast
migrating cells in the treatment group might have higher proliferation than slow-moving cells in the
treatment group in vivo.

In 2005, Sipkins et al. demonstrated NALM-6 cells home to unique anatomic regions in BM*3%, These
locations are close to blood vessels, and they express a high level of SDF-1 and adhesion molecule E-
selectin®®. The homing process is exclusively mediated by the CXCR4/SDF-1 axis**°. However, they
did not define the location with statistical methods to show the distance between cells and close by
reference points (i.e. blood vessel or endosteal surface of the bone). Our data indicated that those
cells homed to a location reasonably close to the endosteal surface of the bone (below 100 um). After
treatment with propofol and sevoflurane, the distance was dramatically increased, suggesting the
disruption of homing. We speculate that the interruption of the CXCR4/SDF-1 axis was the main reason
for the phenomena. HIF-1a might have played a role, but additional confirmation is needed by using
HIF-1a siRNA treated cells. Finally, we showed general anaesthetic pre-treatment reduced the number
of cells entering BM space. Entering BM space from the bloodstream is the first stage of homing,
circulating cells need to attach to structures in BM before engraftment®*®. However, the exact
mechanism for attaching is still not known but likely candidates including CXCR4/SDF-1 and E-selectin.
Here, we hypothesise that the reduction of CXCR4 from general anaesthetic treatment causes reduced
attachment of leukaemia to BM structures and ultimately leads to a smaller number of cells entering
the BM space.

There are some limitations to our study. Firstly, we used immune-competent C57BL/6 mice instead of
SCID mice for our experiment due to animal license issue. The total length of each imaging session
was below 2 hours. So, a strong immune rejection response was not expected. We are still interested
in studying whether SCID mice could replicate our existing results, especially our homing assay results.

Secondly, the current experiment protocol used cells pre-treated by propofol and sevoflurane in situ
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prior to animal injections. This eliminates the complexity of bioavailability of medications if general
anaesthetics were injected into mice directly. However, pre-treating cells makes the experimental
protocol less clinically applicable. A more realistic approach should involve the use of SCID mice and
treat them with general anaesthetics for some time after the injection of GFP-NALM-6 cells before
imaging session. This approach is closer to the clinical application of general anaesthetics. Finally, we
have only investigated the homing of leukaemia cells in vivo in a short time frame (a few hours).
Although homing is a relatively quick process which takes place only minutes after injection, it is still
necessary to understand locations of injected cells in a longer time frame (weeks). It is in those
locations where leukaemia cells multiply, propagate and acquire secondary mutations for

chemoresistance™*,

91



PhD Thesis Jiang Cui
a 10 pg/ml Propofol
*
60+ T 1
<
DAPI S —
% 50+ ° ol
o ' '
[ )
2 a0 s
=
2 g s
o
g ] -
1
X
Ki-67 20 : : :
NC vC P10
120+
b B GO/G!
100- =
A NC 10 pg/ml Propofol 80 b Bl G2/M
=
=
5]
O
> NCVCP5 P10 NCVCP5P10 NCVCP5 P10
FITC
C 1.1+
I nc [ Propofol N -
__ 1.0 owwee
z$ =
= £ 0.9 A
E fl 33 __*__ R
3 /| 0% 0g -
J“ ‘\ © S i
J 0\ 0.7 "
~ . AA
e
0.6 T T T
CXCR4 vC P5 P10
| e Hypoxia 157 !
] A
[l Hypoxia+Propofol
0 E ‘E 1.0 -esssso vy .
. I 33 e
g \ g 5] e
o \ o E 0.5
| ~—
> 0.0 T

NC HP

HP+VC HP+P5 HP+P10

92



PhD Thesis Jiang Cui

Figure 5.4 Propofol reduces the proliferation and the CXCR4 expression in NALM-6 cells

a) NALM-6 cells were treated with 10ug/ml of propofol for 6 hours. Then, treated cells were stained
with ki-67 antibody. The number of Ki-67 positive cells (red) was divided by the number of all cells in
the field of view. Blue: DAPI, red: Ki-67. Propofol reduced the number of ki-67 positive cells. scale bar:
20 um. Data are shown as meanzts.e.m (n=4). *P<0.05. Data are analysed by one-way ANOVA followed
by Bonferroni’s post-hoc test. NC: Naive control, VC: Vehicle control (intralipid), P10: 10ug/ml
Propofol. b) NALM-6 cells were treated by 5 and 10 ug/ml of propofol and 10% intralipid (vehicle).
Then, cells were stained with Vybrant DyeCycle green dye followed by acquiring data on a flow
cytometer. FlowlJo (a flow cytometry software) determines the percentage of cells in G1, S and G2/M
phase. Data are illustrated as meants.e.m. (n=4). **P<0.01, ***P<0.001 vs Naive control (NC). Data
are analysed by two-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, VC:
Vehicle control (intralipid), P5: 5ug/ml of Propofol, P10: 10ug/ml of Propofol. c) After studying the
proliferation, we evaluated the effect of propofol on the CXCR4 expression. NALM-6 cells were treated
with 5-10ug/ml of propofol and 10% intralipid (VC) for 6 hours. Then, treated cells were stained with
the CXCR4 antibody followed by acquiring data on a flow cytometer. The mean fluorescent intensity
(MFI) was calculated by FLowjo, and the MIF was compared between groups. After propofol
treatment, the curve of propofol treated cells on the histogram shifted to the left-hand side (blue)
when compared to the curve of naive control cells (red). This means the MFl and the CXCR4 expression
are reduced in propofol treated cells. Data are illustrated as meanzs.e.m (n=6). *P<0.05, **P<0.01, vs
Vehicle control (VC). Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test.
VC: Vehicle control, P5: 5ug/ml propofol, P10: 10ug/ml of propofol. d) NLALM-6 cells were treated by
hypoxia, propofol (10ug/ml) and intralipid (VC) for 6 hours. Then, the CXCR4 expression was compared
between groups by using the above-mentioned method. Data are illustrated as meants.e.m (n=6).
**P<0.01, ***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test.
NC: Naive control, HP: Hypoxia, HP+VC: Hypoxia+vehicle control, HP+P5: Hypoxia+5ug/ml of propofol,
HP+P10: Hypoxia+10ug/ml of propofol.
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Figure 5.5 Sevoflurane reduces the proliferation and the CXCR4 expression in NALM-6 cells

a) NALM-6 cells were treated with 3.6% of sevoflurane for 6 hours. Then, treated cells were stained
with ki-67 antibody. The number of Ki-67 positive cells (red) was divided by the number of all cells in
the field of view. Blue: DAPI, red: Ki-67. Sevoflurane reduced the number of ki-67 positive cells. scale
bar: 20 um. Data are illustrated as meanzs.e.m (n=4). **P<0.01, vs control. Data are analysed by
unpaired T-test. Sevo: Sevoflurane 6 hours. b) NALM-6 cells were treated by 3.6% sevoflurane for
6hours. Then, cells were stained with Vybrant DyeCycle green dye followed by acquiring data on a
flow cytometer. FlowlJo (a flow cytometry software) determines the percentage of cells in G1, S and
G2/M phase. Data are illustrated as meants.e.m. (n=4). **P<0.01 vs Naive control (NC). Data are
analysed by two-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, Sevo:
Sevoflurane 6hours. c) After studying the proliferation, we evaluated the effect of sevoflurane on the
CXCR4 expression of NALM-6 cells. NALM-6 cells were treated with 3.6% of sevoflurane for 2, 4 and 6
hours. Then, treated cells were stained with the CXCR4 antibody followed by acquiring data on a flow
cytometer. The mean fluorescent intensity (MFI) was calculated, and the MIF was compared between
groups. After sevoflurane treatment, the curve of sevoflurane treated cells on the histogram shifted
to the left-hand side (blue) when compared to the curve of naive control cells (red). This means the
MFI and the CXCR4 expression are reduced in sevoflurane treated cells. Data are illustrated as
meants.e.m (n=4). ***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-
hoc test. NC: Naive control, Sevo 2hr: Sevoflurane 2 hours, Sevo 4hr: Sevoflurane 4 hours, Sevo 6hr:
Sevoflurane 6hours. d) NLALM-6 cells were treated by hypoxia and sevoflurane for 6 hours. Then, the
CXCR4 expression was compared between groups by the above-mentioned method. Data are shown
as meants.e.m (n=6) **P<0.01. Data are analysed by one-way ANOVA followed by Bonferroni’s post-
hoc test. NC: Naive control, HP: Hypoxia, HP+Sevo: Hypoxia+Sevoflurane.
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Figure 5.6 Migration and proliferation are downstream targets of HIF-1a

a) NALM-6 cells were initially treated with intralipid and 10ug/ml propofol for 6 hours. Then, NALM-6
cells were allowed to pass through chambers for 6 hours. Cells in lower chamber were collected and
counted by a flow cytometer. Data are shown as meants.e.m (n=4). ***P<0.01 vs Vehicle control (VC).
Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. VC: Vehicle control, P5:
5ug/ml propofol and P10: 10ug/ml propofol. b) NALM-6 cells were treated with sevoflurane for 6
hours. Then, NALM-6 cells were allowed to pass through chambers for 6 hours. Cells in lower chamber
were collected and counted in a flow cytometer. Data are illustrated as meants.e.m (n=6). ***P<0.01
vs Naive control (NC). Data are analysed by unpaired T-test. NC: Naive control, Sevo: Sevoflurane 6
hours. ¢) NALM-6 cells were treated with HIF-1a siRNA or nonsense siRNA. Then, cells were stained
with Vybrant DyeCycle green dye followed by acquiring data on a flow cytometer. Flowlo (a flow
cytometry software) determines the percentage of cells in G1, S and G2/M phase. Data are illustrated
as meants.e.m. (n=4). **P<0.01, ***P<0.001 vs Naive control (NC). Data are analysed by two-way
ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control. d) NALM-6 cells were treated with
HIF-1 a siRNA or nonsense siRNA. Then, treated cells were stained with the CXCR4 antibody followed
by acquiring data on a flow cytometer. The mean fluorescent intensity (MFI) was calculated, and the
MIF was compared between groups. After HIF siRNA treatment, the curve of HIF siRNA treated cells
on the histogram shifted to the left-hand side (green) when compared to the curve of naive control
cells (red). This means the MFI and the CXCR4 expression are reduced in HIF siRNA treated cells. Data
are illustrated as meants.e.m (n=4). ***P<0.001. Data are analysed by one-way ANOVA followed by
Bonferroni’s post-hoc test. NC: Naive control. e) NALM-6 cells were treated with HIF-1a siRNA or
nonsense siRNA, after which cells were allowed to pass through chamber for 6 hours. Cells in lower
chamber were collected and counted by a flow cytometer. Data are shown as meants.e.m (n=4)
***P<0.01 vs Naive control. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc
test. NC: Naive control.
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Figure 5.7 General anaesthetics reduce migration of Reh cells

a) Reh cells were initially treated with intralipid and 10ug/ml propofol for 6 hours. In addition, Reh
cells were treated with 3.6% of sevoflurane for 6 hours. Then, Reh cells were allowed to pass through
chambers for 6 hours. Cells in the lower chamber were collected and counted by a flow cytometer.
Data are illustrated as meants.e.m (n=3). *P<0.05 vs Naive control (NC). For propofol experiment,
data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. For sevoflurane
experiment, data are analysed by unpaired T-test. NC: Naive control, VC: Vehicle control, P10: 10ug/ml

propofol.
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Figure 5.8 General anaesthetics reduce migration of NALM-6 cells in vivo

a)-c) positions imaged at 3 min intervals for 66 minutes, bar: 50 um. Red: NALM-6 cells, Blue:
Autofluorescent cells, Green: Vasculature. We only investigated cells in the bone marrow. Cells in
blood vessels were excluded. a) Naive control cells were injected IV. NC: naive control b) NALM-6 cells
were pre-treated with 10ug/ml of propofol overnight before injection. ¢) NALM-6 cells were pre-
treated with 3.6% (MAC 2.0) overnight before injection. d) The displacement of cells in bone marrow
was measured. Data are pooled from 4 naive control mice (N=4, 113 cells), 4 mice injected with
propofol treated cells (n=4, 86 cells) and 4 mice injected with sevoflurane treated cells (n=4, 88 cells).
Data are illustrated as meants.e.m. *P<0.05, ***P<0.001 vs Control. Data are analysed by one-way
non-parametric ANOVA test (Kruskal-Wallis test). Pro 10: 10ug/ml of propofol, Sevo: 3.6% of
sevoflurane. e) The mean speed of cells in bone marrow was measured. Data are pooled from 4 naive
control mice (N=4, 264 cells), 4 mice injected with propofol treated cells (n=4, 219 cells) and 4 mice
injected with sevoflurane treated cells (n=4, 221 cells). Data are illustrated as meants.e.m. *P<0.05,
**P<0.01 vs Control. Data are analysed by one-way non-parametric ANOVA test (Kruskal-Wallis test).
Pro 10: 10ug/ml of propofol, Sevo: 3.6% of sevoflurane. f) The displacement /total track of cells in
bone marrow was measured. Data are pooled from 4 naive control mice (N=4, 113 cells), 4 mice
injected with propofol treated cells (n=4, 86 cells) and 4 mice injected with sevoflurane treated cells
(n=4, 88 cells). Data are illustrated as meants.e.m. ns: no significance. Data are analysed by one-way
non-parametric ANOVA test (Kruskal-Wallis test). Pro 10: Cells were pre-treated with 10ug/ml of
propofol overnight before injections, Sevo: Cells were pre-treated with 3.6% of sevoflurane overnight
before injections.
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Figure 5.9 General anaesthetics affect the number of cells entering BM and affect homing location
of NALM-6 cells in vivo

a) upper left: diagram showing strategy for calvarium imaging. Lower left: Intravital confocal calvarium
imaging of GFP transduced NLAM-6 cells (red) was performed after injection of GFP-NALM-6 cells into
C57BL/6 mice IV. Representative maximum projection tile scans and corresponding high-
magnification inserts were shown following IV injection of tritc-dextran to identify blood vessels
(green); non leukaemia cells with high autofluorescent signals (blue) were recorded as well to improve
the identification of target cells. Scale bar: 500um for low magnification tile scan. 50 um for high
magnification images. b) summary graph showing the number of cells enter the BM. Data are
illustrated as meants.e.m, (n=9). *P<0.05 vs Control. Non-parametric (Kruskal-Wallis) statistical test
was used. Pro 10: cells were pre-treated with 10ug/ml of propofol overnight before injection, Sevo:
cells were pre-treated with 3.6% sevoflurane overnight before injection. c) distance between nearest
bone surface (not shown) to GFP-nalm-6 cells were measured. Data are pooled from 4 naive control
mice (N=4, 279 cells), 4 mice injected with propofol treated cells (n=4, 234 cells) and 4 mice injected
with sevoflurane treated cells (n=4, 366 cells). Data are illustrated as meants.e.m (n=4). *P<0.05 non-
parametric (Kruskal-Wallis) statistical test was used. Pro10: cells were pre-treated with 10ug/ml of
propofol overnight. Sevo: cells were pre-treated with 3.6% of sevoflurane overnight.
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Figure 5.10 General anaesthetics affect the behaviour of NALM-6 cells in vivo

a) We analysed the data from Figure 5.8 d with a threshold approach. The median of the naive control
cells was set as the threshold value (Median=10.937um). Then, we counted the number of cells with
a displacement larger than the median in all treatment groups. We found that general anaesthetics
reduced the number of cells with a displacement larger than 10.937um. Data are illustrated as
meants.e.m, (n=4). *P<0.05 vs Naive control (NC). Non-parametric (Kruskal-Wallis) statistical test was
used. NC: Naive control, Pro 10: cells were pre-treated with 10ug/ml of propofol overnight before
injections, Sevo: cells were pre-treated with 3.6% sevoflurane overnight before injections. b) We
analysed the data from Figure 5.8 e with a threshold approach. The median of the naive control cells
was set as the threshold (Median=0.013um/s). We found that general anaesthetics reduced the
number of cells with a mean speed larger than 0.013um/s. Data are illustrated as meants.e.m, (n=4).
*P<0.05 vs Naive control (NC). Non-parametric (Kruskal-Wallis) statistical test was used. NC: Naive
control, Pro 10: cells were pre-treated with 10ug/ml of propofol overnight before injections, Sevo:
cells were pre-treated with 3.6% sevoflurane overnight before injections. ¢) We analysed the data
from Figure 5.9 c with a threshold approach. The median of the naive control cells was set as the
threshold (Median=7.79um). We found that general anaesthetics increased the number of cells with
a distance to the nearest endosteal surface larger than 7.79um. Data are illustrated as meanzs.e.m,
(n=4). *P<0.05 vs Naive control (NC). Non-parametric (Kruskal-Wallis) statistical test was used. NC:
Naive control, Pro 10: Cells were pre-treated with 10ug/ml of propofol overnight before injections,
Sevo: Cells were pre-treated with 3.6% sevoflurane overnight before injections.
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CHAPTER 6
Osteopontin (OPN) forms a positive feedback loop with HIF-1a in ALL cells,

and it is disrupted by general anaesthetics
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6.1 Introduction

OPN has functions in both physiological and pathophysiological conditions. In BM, OPN is secreted
mainly by osteoblasts and stem cells*®>. Recently, it was discovered that leukaemia cells secrete OPN
themselves**®), The function of OPN in BM is complex. Also, the cleavage of OPN in BM by thrombin

(148, 1%)  The known functions include

further contributes to the complex functions of OPN
chemoresistance, cell quiescence and chemotaxis. A recent publication demonstrated stromal OPN
anchored ALL cells in anatomic locations supporting cancer dormancy, avoiding chemotherapeutic
agents. This process was mediated by a4R1 integrin®*®. A group showed OPN maintained AML
leukaemia stem cells survival by suppressing PUMA via using a mouse model of MLL-AF9 induced
AML®®), OPN was also shown to mediate bone marrow-derived macrophage chemotaxis through a4
and a9 integrins*®®. Recently, OPN was proposed as a prognostic factor in AML"®) by a recently
published metanalysis consisting of 492 patients. It found that the serum concentration of OPN was
inversely correlated with overall survival of AML patients. The difference was statistically significant
(Hazard ratio= 1.83)1%),

OPN was observed to interact with HIF-1a in solid cancer models. OPN appeared to be an inducer of
HIF-1a in ovarian cancer and breast cancer through activation of PI3K/AKT pathways***1>%, |ncreased
HIF-1a led to enhanced cancer malignancy in vitro.

In this chapter, we explored the relationship between OPN and HIF-1a, and we also studied whether
general anaesthetics might disrupt their reciprocal relationships in vitro. We studied the importance
of OPN in ALL disease progression and prognostic value of OPN by using severe combined

immunodeficient (SCID) mice.

6.2 Experiment design

6.2.1 In vitro

To study whether general anaesthetics modulate the expression of osteopontin, NALM-6 cells were
treated with sevoflurane (3.6%) or propofol (5 to 10ug/ml) respectively. Then, cells were harvested
for western blot analysis. Supernatant of cell culture was centrifuged and made ready for enzyme-
linked immunosorbent assay (Figure 6.1).

Rising concentrations of OPN were given to NALM-6 cells, followed by western blot analysis (HIF-1a
and AKT). OPN siRNA was also used in NALM-6 cells after which cells were harvested for western blot
and flow cytometry analysis (Figure 6.2).

Both OPN treated and OPN siRNA treated cells were loaded onto the upper chamber of the migration
chamber to study migration. After 6 hours of migration, cells in the lower chamber were collected and

counted via flow cytometry (Figure 6.3).
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6.2.2 In vivo
SCID mice were injected with 1 X 10° of NALM-6 cells IV. At 10 day intervals, mice were sacrificed with
blood samples taken and bone marrow (femur) flushed. Blood serum was separated for ELISA analysis

and the rest of the samples were prepared for flow cytometry analysis (Figure 6.4).
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Figure 6.1 In vitro experiment design
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6.3 Results

6.3.1 General anaesthetics reduce protein synthesis and secretion of OPN

OPN protein expression was significantly reduced by propofol and sevoflurane in NALM-6 cells (Figure
6.5). 5 and 10ug/ml of propofol had similar inhibitory effects on OPN protein expression measured by
western blot (Figure 6.5a). Only 6 hours of sevoflurane significantly reduced OPN protein synthesis
measured by western blot (Figure 6.5b). ELISA analysis of OPN secretion showed a slightly different
story in propofol. Only 10ug/ml of propofol was shown to decrease the secretion of OPN significantly
(from 2.5 to around 1.5ng/ml) (Figure 6.5c). Six hours of sevoflurane dramatically declined the OPN

secretion as shown by ELISA analysis (from 2.4 to 2ng/ml) (Figure 6.5d).

6.3.2 OPN is a downstream target of HIF-1a

After determining that general anaesthetics affecting the expression of OPN, we hypothesised OPN
was a potential target of HIF-1a in NALM-6 cells. HIF-1a knocked down cells (knocked down via siRNA,
the knock down of HIF-1a was validated via western blot, n=4) exhibited a reduction in OPN protein
expression analysed by western blot (Figure 6.6a). ELISA analysis of samples with HIF-1a knocked
down cells showed OPN secretion was reduced from 2.5ng/ml (control) to 1.5ng/ml (HIF siRNA)
(Figure 6.6b). Twenty-four hours of hypoxia was given to cells after which OPN secretion was
measured. After hypoxia, OPN secretion was increased to around 10ng/ml. Then, HIF siRNA treatment

reduced the OPN secretion by almost half (5ng/ml) (Figure 6.6c).
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6.3.3 OPN forms an auto feedback loop with HIF-1a

According to experimental data from breast and ovarian cancer models, OPN contributes to the
increased level of HIF-1a. In addition, we found OPN was a downstream target of HIF-1a. Thus, we
hypothesised leukaemia cells had an auto feedback loop between HIF-1a and OPN.

Firstly, rising concentration (50, 100 and 200ng/ml) of human recombinant OPN was used to treat
NALM-6 cells for 6 hours. Then, HIF-1a expression was analysed via western blot. Expectedly, with the
treatment of 100 and 200ng/ml of OPN, HIF-1a protein synthesis was significantly enhanced (Figure
6.7a). OPN neutralising antibody (2ug/ml) or control goat IgG were used for 6 hours (Figure 6.7b) to
treat NALM-6 cells. Clearly, after OPN neutralising antibody treatment, HIF-1la expression was
reduced. The control rabbit IgG did not affect the expression of HIF-1a (result not shown). To test this
concept further, 200ng/ml of OPN and neutralising antibody were given to NALM-6 cells at the same
time (Figure 6.7c). After treatment of 200ng/ml of OPN, HIF-1 a expression was increased but it was
then reduced by the OPN neutralising antibody (Figure 6.7c). Finally, when NALM-6 cells were treated
with OPN siRNA, the HIF-1a expression reduced dramatically (almost by half). However, after the
treatment of pre-condition media (the media from the normal culture of NALM-6 cells), HIF-1a
expression was restored (Figure 6.7d). Thus, these data are consistent with the findings that an OPN
and HIF-1a have an autocrine feedback loop in NALM-6 cells.

After discovering the auto feedback loop between HIF and OPN, we studied the PI3K/AKT pathway as
previous literature suggested. We observed that phosphorylation of AKT was largely enhanced with
the treatment of human OPN at the concentration of 100 and 200ng/ml (Figure 6.7e). In addition,
when NALM-6 cells were treated with neutralising OPN antibody, the phosphorylation of AKT was
dramatically diminished by 50% (Figure 6.7f).

The current literature**® 199201 syggests that the potential receptor for OPN signalling is a4R1 as
NALM-6 cells do not process the CD44 receptor. Our results showed that the expression of a4l
integrin did not change after treatment of 200ng/ml of OPN and OPN siRNA in NALM-6 cells (results
not shown, n=4), suggesting OPN did not induce subcellular signalling events through amplification of

receptors.
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6.3.4 OPN regulates CXCR4 expression and migration of NALM-6 cells

To further demonstrate the relationship between HIF-1a and OPN, we tested whether OPN regulated
two downstream targets of HIF-1a. We observed that inhibition of OPN significantly reduced CXCR4
expression (20 to 25%) (Figure 6.8a). Furthermore, CXCR4 expression was increased after treatment
of 200ng/ml of OPN in NALM-6 cells (Figure 6.8b). Similarly, when OPN was inhibited, fewer cells
migrated from the upper chamber to the lower chamber presumably due to the reduction of CXCR4
(Figure 6.8c). When NALM-6 cells were pre-treated by 200ng/ml| OPN, more cells migrated to the
lower chamber (Figure 6.8d). These results suggest OPN can, to some degree, regulate downstream

targets of HIF-1a.

6.3.5 Serum OPN level corresponds with leukaemia progression in vivo

Next, we determined the prognostic value of OPN in an established mouse model. Initially, SICD mice
were injected with 1 X 10 of NALM-6 cells IV. Then, at each 10 day interval, blood and BM samples
were taken for flow cytometry analysis and serum was separated for ELISA analysis (Figure 6.9a). Bone
marrow and blood samples were stained with CD19-PE and CD10-APC. At day 10, the presence of
leukaemia cells was not detectable in blood and BM. In addition, the serum OPN level was extremely
low at around 5ng/ml (Figure 6.9a, b, and c). At day 20, the percentage of ALL cells in BM was
increased. Serum OPN level increased to roughly 18ng/ml. At day 30, although 100% of mice did not
have any symptoms of illness, bone marrow was filled with roughly 40% of ALL cells. In addition, the
proportion of ALL cells in blood was around 5% and serum OPN concentration reached over 50ng/ml.
10 days later (day 40), surprisingly, all of the disease-bearing mice were either dead or terminated due
to paralysis in lower limbs caused by CNS infiltration of ALL cells. At day 40, ALL cells made up 60% of
cells in BM and they contributed to 8% of blood cells (Figure 6.9b, c). Serum OPN concentration

reached an average of 150ng/ml. This is 30 times higher than that of day 10 (Figure 6.9d).
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6.4 Discussion

Here, we have found a novel interaction between HIF-1o. and OPN in leukaemia cells which has not
been studied before. This autofeedback loop can be disrupted by general anaesthetics. In addition,
we have also shown that the serum OPN level corresponds with disease progression.

HIF-1a potentially regulates over 100 genes?®?. It is not well known whether OPN is downstream to
HIF-1a in leukaemia. Only one publication!®®® mentioned hypoxia increasing the expression of OPN via
HIF-1a mediated mechanisms in human AML cells. We confirmed this result by an siRNA-based
strategy. The notion that OPN activates HIF-1a protein synthesis is illustrated before in breast and
ovarian cancer cells via the PI3K/AKT pathway!**® 159 |n the breast cancer model, hypoxia increased
the secretion of OPN in a HIF-1a independent manner®>®. The increased OPN secretion reciprocally
elevated HIF-1a protein synthesis in breast cancer™. In addition to the PI3K/AKT pathway, the ILK
pathway was also a signalling intermediate involved in OPN regulated HIF-1a expression.
Unfortunately, neither ovarian nor breast cancer studies specified which receptor was responsible for
OPN signalling. With our study, we only studied the a4R1 integrin according to previous study**® and
found its expression was not affected by OPN treatment (data not shown, n=4).

In addition to HIF-1a, interaction of HIF-1R and HIF-2a with OPN were studied. In the breast cancer
model, they found HIF-1R and HIF-2a had no potential interplay with OPN®**%. However, one
publication showed OPN inhibited HIF-2a mRNA in osteoarthritic chondrocytes in vitro!?®¥,

The major source of OPN in BM is secreted by host osteoblasts. In future experiments, we propose to
study whether host-derived OPN could have similar signalling with HIF-1a in leukaemia cells. In other
words, can host-derived OPN affect leukaemia malignancy? In order to achieve this, we plan to inject
NALM-6 cells to OPN knocked out mice and study characterises associated with leukaemia malignancy.
Many publications reported the elevated plasma level of OPN in leukaemia patients and it has been
proposed to have some prognostic value in leukaemia?°>-2%9,

The median level of OPN in AML patients found in one particular publication appeared to be 7.4 ng/ml
with a range of 0.3 to 30.5ng/ml. This was significantly higher than OPN levels found in blood serum
of controls with a median of 2.1ng/ml and a range of 0.83 to 3.22ng/ml?®>. More importantly, they
demonstrated bone marrow OPN level was significantly associated with overall survival (OS) and
event-free survival (EFS). However, blood OPN concentration did not indicate any prognostic
significance?®). Considering the small patient size (n=41), future studies with a large sample size are
still needed.

Interestingly, in our mouse model, we detected a much higher level of serum OPN. e.g. at day 40, the
mean serum concentration of OPN was around 150ng/ml with around 8% of ALL cells in mouse blood.

Unfortunately, the previous study?® did not give the clinical data of the patients e.g. leukaemia
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infiltration in blood and bone marrow. We could not draw any solid conclusion here why the human

serum concentration of OPN was dramatically lower than that of mice.

116



PhD Thesis Jiang Cui

d Propofol pug/ml b Sevoflurane 3.6%
NC  VC 5 10 (KDa) NC 2hr  4hr  6hr
OPN  jimsw someer - goiec i) 30 OPN [mem s m— | 30

GAPDH |SE S S— a— 3 O GAPDH s e smmme ssme 37.5

1.5+ 1.54
. ] Kkk
—_ * = A
Z2 10| — é%mo--n- w1
€ ® g
1 I e S 38 ,
s B+ =
% .,!é 0.5 ° % o g 0.5 .2
u Ai
0.0 ! T . 0.0 T T T T
Ve P5 P10 NC Sevo 2hr Sevo 4hr Sevo 6hr
3.0+ r — . 2.6+
= ! ' E [ *x
£ i £E i
5 257 -ew- sl 5 24 ——
£ —% v £
£ £ |
T 204 £ 2.2-
o o
o o
s + -
» 1.5 v % 2.0-
° o
]
1.0 T T 1 1 1.8 T 1
NC vC P5 P10 Naive Sevo

Figure 6.5 General anaesthetics reduce the expression and the secretion of OPN

a) Western blot and densitometry of OPN protein expression after the treatment of intralipid (VC) and
propofol. Data are illustrated as meanzs.e.m (n=4) *P<0.05 vs Vehicle control (VC). Data are analysed
by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, VC: Vehicle control, P5:
5ug/ml of propofol, P10: 10ug/ml of propofol. b) Western blot and densitometry of OPN protein
expression after the treatment of 3.6% sevoflurane for 2, 4 and 6 hours. Data are shown as
meants.e.m (n=4). ***P<0.001 vs Naive control (NC). Data are analysed by one-way ANOVA followed
by Bonferroni’s post-hoc test. NC: Naive control, Sevo 2hr: Sevoflurane 2 hours, Sevo 4hr: Sevoflurane
4 hours, Sevo 6hr: Sevoflurane 6 hours. c) ELSIA assay was used to measure OPN in supernatants after
the treatment of propofol for 6 hours. Data are illustrated as meants.e.m (n=4). **P<0.01. Data are
analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, VC: intralipid
P5: 5ug/ml of propofol, P10: 10ug/ml of propofol. d) ELSIA assay was used to measure OPN in
supernatants after the treatment of 3.6% sevoflurane for 6 hours. Data are illustrated as meants.e.m
(n=4). **P<0.01 vs Naive control (Naive). Data are analysed by unpaired T-test. Naive: Naive control,
Sevo: Sevoflurane 6 hours.
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Figure 6.6 OPN is a downstream target of HIF-1a
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a) OPN was shown to be a downstream target of HIF-1a. Western blot of OPN expression in cells
treated with HIF-1a siRNA and nonsense siRNA. n=4. b) ELISA assay was used to measure OPN in
culture after the treatment of HIF-1a siRNA and nonsense siRNA. Data are illustrated as meants.e.m
(n=4). ***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC:
Naive control. c) ELISA assay was used to measure OPN in culture after the treatment of hypoxia,
hypoxia + nonsense siRNA and hypoxia + HIF-1a siRNA. Data are shown as meants.e.m (n=4).
***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive

control, HP: Hypoxia.
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Figure 6.7 OPN forms an auto-feedback loop with HIF-1a

a) Western blot and densitometry of OPN protein expression after the treatment of concentrations of
OPN (50 to 200ng/ml) for 6 hours. Data are illustrated as meants.e.m (n=4). ¥*P<0.05, ***P<0.001 vs
Naive control (NC). Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC:
Naive control. b) OPN neutralizing antibody (2pg/ml) was added to NALM-6 cells, then HIF-1a
expression was analysed by western blot. Data are shown as meanzs.e.m (n=4). **P<0.01 vs Naive
control (NC). Data are analysed by unpaired T-test. NC: Naive control, OPN neut: OPN neutralising
antibody. ¢) NALM-6 cells were treated with 200ng/ml of OPN and OPN neutralisation antibody
(2ug/ml) for 6 hours. Data are illustrated as meants.e.m (n=4). **P<0.01, ***P<0.001. Data are
analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, 200: 200ng/ml
of human OPN. 200+OPN neut: 200ng/ml of human OPN+OPN neutralising antibody. d) OPN
expression in NALM-6 cells was knocked down by OPN siRNA, then those cells were treated with
preconditioned medium. Data are illustrated as meants.e.m (n=4). *P<0.05, **P<0.01, ***P<0.001.
Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control, KD
cells+medium: HIF-1a knocked down cells+ preconditioned medium.

e) NALM-6 cells were treated with increasing concentrations of OPN (50 to 200ng/ml) for 6 hours,
phosphorylation of AKT was elevated (analysed through western blot). Data are shown as meants.e.m
(n=4). *P<0.05 vs Naive control (NC). Data are analysed by one-way ANOVA followed by Bonferroni’s
post-hoc test. NC: Naive control. f) OPN neutralizing antibody (2pg/ml) was added to NALM-6 cells,
then phosphorylation of AKT was analysed by western blot. Data are shown as meants.e.m (n=4).
*P<0.05 vs Naive control (NC). Data are analysed by unpaired T-test. NC: Naive control, OPN neut:
OPN neutralising antibody.
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Figure 6.8 OPN regulates CXCR4 and migration

a) OPN siRNA or nonsense siRNA were used to treat NALM-6 cells. After treatment, the CXCR4
expression was analysed by a flow cytometer. Data are shown as meants.e.m (n=4). ***P<0.001. Data
are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test. NC: Naive control. b)
200ng/ml of OPN was given to NALM-6 cells for 6 hours. After treatment, the CXCR4 expression was
analysed by a flow cytometer. Data are shown as meants.e.m (n=4). *P<0.05 vs Naive control (NC).
Data are analysed by unpaired T-test. NC: Naive control. ¢) OPN siRNA and nonsense siRNA were used
to treat NALM-6 cells. Then, treated cells were loaded into migration chamber and they were allowed
to migrate for 6 hours. After migration, cells in lower chamber were counted via flow cytometry. Data
are shown as meants.e.m (n=4). **P<0.01. Data are analysed by one-way ANOVA followed by
Bonferroni’s post-hoc test. NC: Naive control. d) 200ng/ml of OPN was used to treat NALM-6 cells for
6 hours. Then, treated cells were loaded into migration chamber and they were allowed to migrate
for 6 hours. After migration, cells in lower chamber were counted via flow cytometry. Data are shown
as meants.e.m (n=4). *P<0.05 vs Naive control (NC). Data are analysed by unpaired T-test. NC: Naive
control.

122



PhD Thesis Jiang Cui

a A Dayl0bone marrow Day20bone marrow Day30bone marrov Day40bone marrow
(@)]
—
Ja)
O
CD10
g 100~
=
]
£ 80
)
g
8 60+
£
0
E 40-
]
3 20
-4
s
2 c I L] 1
° Day10 Day20 Day30 Day40
b A Day10blood Day20blood Day30blood Day40blood
3
a
O
CDh10
c ' *k% '
15+ ; .
3 250- o
% —
2004 v
= £
= 150+
8 2 j?
-l Z 100
% 5 S A
50+ v
; =
c ; I ] e T T T
Day10 Day20 Day30 Day40 Day10 Day20 Day30 Day40

123



PhD Thesis Jiang Cui

Figure 6.9 Serum OPN level corresponds with leukaemia disease progression

a) the proportion of CD19-PE+ CD10-APC+ NALM-6 cells increased in mouse BM (femur) as leukaemia
manifests from day 10 to day 40. At day 40, all disease bearing mice died or terminated due to
infiltration of leukaemia cells in CNS. Data are shown as meants.e.m (n=3). b) the proportion of CD19+
CD10+ NALM-6 cells increased in mouse blood as leukaemia manifests from day 10 to day 40. Bay day
40, all disease bearing mice died or terminated due to infiltration of leukaemia cells in CNS. Data are
shown as meants.e.m (n=3). c¢) OPN concentration in mouse serum was increased dramatically from
day 10 to day 40 post injection of leukaemia cells IV. And its pattern corresponds with proportion of
leukaemia cells in blood and bone marrow. Data are illustrated as meants.e.m (n-=3). **P<0.01,
***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test.
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CHAPTER 7

General anaesthetics sensitise leukaemia cells to chemotherapy
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7.1 Introduction

Chemotherapy is the backbone of modern-day leukaemia treatment and chemoresistance is the
largest challenge. Although the treatment response for ALL patient is very good, those who have
treatment failure are extremely difficult to recover. Almost all patients undergoing intrathecal
chemotherapy require the frequent use of general anaesthetics!*). This provides an opportunity for
anaesthetics to have synergistic effects with chemotherapy on leukaemia cells. In this chapter, we
studied whether general anaesthetics had any impact on the cytotoxic effects of chemotherapy. In
particular, cytosine arabinoside (Ara-C) was chosen for our chemotherapy experiment. It is one of the
four drugs approved for intrathecal use. Autophagy is regarded as one of the most frequent
mechanisms induced by Ara-C (particularly at low does) in acute leukaemia chemoresistance!?10-213),
Autophagy is a ubiquitous process in eukaryotic cells and it results in the breakdown of cytoplasm by
the lysosome?'¥. It was thought that autophagy allows cells to adapt to the environment and it is
simply a degradative process with protective effects. However, current evidence demonstrates
autophagy could either be cytotoxic or cytoprotective®*®),

In the current literature, propofol and sevoflurane have been shown to affect chemoresistance. In
particular, propofol is associated with sensitising cancer cells to chemotherapy in prostate cancer®
216) and endometrial cancer*®®). Sevoflurane has been shown to promote chemoresistance in non-
small lung adenocarcinoma??. Our initial hypothesis was propofol and sevoflurane might sensitise
ALL cells to Ara-C via autophagy-based mechanisms.

Our second hypothesis was OPN might regulate chemoresistance through autophagy via HIF-1a
mediated mechanisms. We derived the second hypothesis from our previous results of OPN and HIF-
1a. The role of HIF-1a was implicated in ALL chemoresistance!®'”). We speculated OPN may play a part
in chemoresistance of ALL cells.

However, our preliminary data showed no activation of the autophagy pathway in NALM-6 cells after
the treatment of Ara-C and general anaesthetics (data not shown, n=4).

Then, we switched our focus to the apoptotic pathways, where we obtained significant results.

7.2 Experiment Design

We treated cells with rising concentrations of Ara-C (from 0.05 to 50uM) and general anaesthetics
(10ug/ml of propofol and 3.6% of sevoflurane) for 6 hours. Then, cell viability was measured via
propidium iodide-based flow cytometry analysis (Figure 7.2).

We then explored the underlying mechanisms. Cells were treated with Ara-C (from 0.05 to 50uM) and
general anaesthetics (10pg/ml of propofol and 3.6% of sevoflurane) for 6 hours. Then, cells were

harvested for western blot analysis. We particularly explored the extrinsic pathway of apoptosis
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involving multiple caspases and poly ADP-ribose polymerase (PARP)?'®. In the extrinsic pathway,
when a ligand binds to the death receptor, it activates death-inducing signalling complex (DISC) which
includes caspase-8 and FADD. Then, activated caspase-8 cleaves pro-caspase-3 to form cleaved
caspase 3. Cleaved caspase 3 facilitates the cleavage of PARP and stops its repair of DNA®?*® (Figure
7.3). Finally, activated PARP leads to apoptosis.

For the OPN and chemoresistance experiment, NALM-6 cells were treated with Ara-C (0.05 to 100 pM)
and 200 ng/ml of human recombinant OPN for 6 hours. Alternatively, NLAM-6 cells were treated with
human OPN siRNA firstly to temporarily knock down OPN, then cells were treated with Ara-C (0.05 to

100uM) for 6 hours. After treatment, cell viability was analysed with flow cytometry (Figure 7.3).
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Figure 7.1 In vitro experiment design
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Figure 7.2 In vitro experiment design
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Figure 7.3 Extrinsic pathway of apoptosis

The death ligands bind to transmembrane death receptors present on the cell surface. The binding of
ligand triggers receptor clustering on the cell surface. This results the adaptor proteins (FADD) cluster
on the cytoplasmic site of the receptors, forming death inducing signalling complex (DISC). DISC then
brings procaspase molecules close to one another, activating caspase cascade. Active caspase 8
cleaves pro-caspase 3 to active caspase 3 which then deactivates PARP to form cleaved PARP. Cleaved
PARP triggers apoptotic machinery.
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7.3 Results

7.3.1 General anaesthetics sensitise leukaemia cells to Ara-C

NALM-6 cells were treated with rising concentrations of Ara-C (0.05uM to 50uM) in combination with
propofol (10ug/ml) or sevoflurane (3.6%) for 6 hours. Cell viability data was then obtained by
propidium iodide-based flow cytometry analysis. We found a significant shift of the drug response
curve to the left after treatment of Ara-C and propofol when compared to treatment of Ara-C alone,
indicating enhanced cytotoxicity. Cell death induced by Ara-C increased dramatically from 0.05uM to
5uM then it plateaued between 5 to 50uM (Figure 7.4a). Even at 50uM, Ara-C only induced around
60% of cell death. With the help of propofol, cell death increased to around 70%. Similarly, sevoflurane
shifted the drug response curve to the left (Figure 7.4b), indicating enhanced cytotoxicity. At
maximum concentration of Ara-C, sevoflurane boosted the cytotoxicity of Ara-C from below 60% to
around 70% (Figure 7.4b). Propofol and sevoflurane did not cause cell death in NALM-6 cells (Figure
7.4a and b).

7.3.2 General anaesthetics increase the expression of chemotherapy induced apoptotic markers in

leukaemia cells

Following the discovery of the synergistic effect of general anaesthetics and Ara-C, we studied the
apoptotic pathways.

As expected, after the treatment of low dose Ara-C (0.1uM) alone, we saw an increase in the
expression of cleaved PARP. A reduction in the expression of pro-caspase 3 and an enhancement in
the expression of cleaved caspase 8 were also seen (Figure 7.5a). When leukaemia cells were treated
in the combination of 10pg/ml propofol and Ara-C, expression of above-mentioned apoptotic markers
were altered. Propofol caused an elevation in cleaved PARP expression when compared to Ara-C
treatment alone. In addition, elevated cleaved caspase 8 expression was also seen. In addition, pro-
caspase 3 expression was further reduced when compared to Ara-C treatment alone (Figure 7.5a). The
expression of cleaved PARP and cleaved caspase 8 increased 4-5 folds in Ara-C and propofol treated
cells when compared to naive control cells (Figure 7.5a). Pro-caspase 3 expression was reduced by
50% in propofol and Ara-C treated cells when compared to naive control cells (Figure 7.5a). The
combination treatment of Ara-C and sevoflurane affected the expression of apoptotic markers when
compared to Ara-C treatment alone. Sevoflurane and Ara-C treated cells appeared to have a 7-fold
increase in the expression of cleaved PARP when compared to naive control cells (Figure 7.6a). In
addition, cells treated with sevoflurane and Ara-C together also had a 3-fold elevation in cleaved
caspase 8 and a 50% reduction in pro-caspase 3 expression when compared to naive control cells

(Figure 7.5a). When propofol or sevoflurane was given to NALM-6 cells alone, the expression of pro
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caspase 3 was not affected, indicating the treatment of propofol or sevoflurane alone did not induce

apoptosis (Figure 7.5 b and Figure 7.6 b).

7.3.3 OPN partially regulates chemoresistance of leukaemia cells

Out of curiosity, we investigated whether OPN may affect the sensitivity of chemotherapy in
leukaemia cells.

Cells were treated with 200ng/ml of human OPN and Ara-C for 6 hours, then cell viability was recorded
via flow cytometry. When NLAM-6 cells were given 200ng/ml of OPN, the chemo-sensitivity of NALM-
6 was reduced dramatically (Figure 7.7a), suggesting a protective effect of OPN. At the maximum
concentration of Ara-C (100uM), OPN treatment reduced cell death from roughly 70% to around 50%
(Figure 7.7a). When OPN was inhibited by OPN siRNA in NLAM-6 cells, Ara-C induced cell death was
increased (Figure 7.7b). This effect was particularly obvious in the mid-range concentrations of Ara-C
(0.5 to 10uM) (Figure 7.7b). At the maximum concentration of Ara-C, OPN siRNA treated cells only
achieved a very small increase in induced cell cytotoxicity when compared to Ara-C treated cells alone.

Human OPN or OPN siRNA alone did not cause cell death in NALM-6 cells (Figure 7.7).
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7.4 Discussion

In this chapter, we found propofol and sevoflurane might sensitise leukaemia cells to Ara-C. In
addition, we confirmed OPN played a part in chemoresistance of leukaemia cells.

Inducing apoptosis is a primary means for cytotoxicity of Ara-C®???- We found propofol and sevoflurane
alone could notinduce any form of cell death in clinically relevant concentrations. However, they seem
to have a synergistic effect with chemotherapy. Others have confirmed our data on reduced
chemoresistance by propofol®® 2% 221 Two mechanisms were studied in those publications including
HIF-1 a®'® and NF- kB{?2Y),

Existing research on the effect of sevoflurane on chemoresistance in others cancer cells contradicted
our data. My colleagues Ciechanowicz et al found sevoflurane enhanced the chemoresistance of non-
small cell lung cancer in vitro by using A549 cells*?Y,

Although we did not study the role of HIF in chemoresistance of leukaemia cells, OPN inhibition and
OPN treatment experiments gave us some clues. As illustrated in chapter 6, HIF and OPN formed an
autofeedback loop and it could be disrupted by general anaesthetics. It is highly likely that the results
we have obtained on reduced chemoresistance by general anaesthetics are, partially, mediated by
HIF-1a.

The role of OPN in cancer chemoresistance was briefly studied by us. Given the fact OPN has many
splice variants, and they perform various functions in distinct anatomic location, its role in
chemoresistance is still under investigation. OPN secreted by cancer cells induced chemoresistance in
hepatocellular carcinoma cells via binding to integrin avB3 and sustaining FoxO3a stability. This
eventually led to an increase in autophagy in hepatocellular carcinoma cells in vitro???.

In leukaemia, a recent publication confirmed that thrombin cleaved OPN in BM anchored leukaemia
cells in the stem cell niche™*®. The stem cell niche is usually poorly perfused with blood and low in
oxygen which is beneficial to stem cell quiescence. However, this provides a physical barrier in BM for
leukaemia cells to avoid chemotherapy**®. It is entirely possible that multiple variants of OPN from
different origins e.g. cancer cell secreted OPN and host-derived OPN act together to promote
chemoresistance of cancer.

We propose to validate our existing results via in vivo studies. Leukaemia bearing SCID mice will be
treated with Ara-C or with combination of Ara-C and general anaesthetics for a few weeks to recreate
clinical scenarios. Treatment response will be, then, monitored through tail bleed followed by flow
cytometry detection of leukaemia cells. In addition, the survival curve for mice treated only with Ara-
C and mice treated with both Ara-C plus general anaesthetics will be used to evaluate the effectiveness
of general anaesthetics in vivo. In addition, the source of OPN (host-derived vs cancer cell-derived)

exerting a protective effect against chemotherapy requires further investigation.
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Figure 7.4 General anaesthetics reduce the chemoresistance of NALM-6 cells

a) Propofol has synergistic effects with Ara-c. NALM-6 cells were treated with 10 pg/ml of propofol
and Ara-C (0.05 to 50uM) for 6 hours. Then, cell viability analysis was carried out by flow cytometry.
Propofol alone did not induce cell death in NALM-6 cells. Data are shown as meanzs.e.m (n=4).
***P<0.001 vs Ara-C. Data are analysed by two-way ANOVA followed by Bonferroni’s post-hoc test.
b) Sevoflurane has synergistic effects with Ara-c. NALM-6 cells were treated with 3.6% of sevoflurane
and Ara-C (0.05 to 50uM) for 6 hours. Then, cell viability analysis was carried out by flow cytometry.
Sevoflurane alone did not induce cell death in NALM-6 cells. Data are shown as meants.e.m (n=4).
*P<0.05, ***P<0.001 vs Ara-C. Data are analysed by two-way ANOVA followed by Bonferroni’s post-
hoc test.
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Figure 7.5 Propofol increases the expression of chemotherapy induced apoptotic markers

a) NALM-6 cells were treated with 0.1uM of Ara-C and 10ug/ml of propofol (or intralipid) for 6 hours.
Then, cells were harvested for western blot analysis. The expression of cleaved PARP and cleaved
caspase 8 were increased. The expression of pro-caspase 3 was reduced. Data are illustrated as
meants.e.m (n=4). *P<0.05, **P<0.01, ***P<0.001. Data are analysed by one-way ANOVA followed
by Bonferroni’s post-hoc test. NC: Naive control, VC: Vehicle control, P10: 10ug/ml of propofol. b)
NALM-6 cells were treated with 10ug/ml of propofol or intralipid for 6 hours. Then, cells were
harvested for western blot analysis. The expression of pro caspase 3 was not affected, indicating
propofol alone did not induce apoptosis (n=4).
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Figure 7.6 Sevoflurane increases the expression of chemotherapy induced apoptotic markers

a) NALM-6 cells were treated with 0.1uM of Ara-C and 3.6% of sevoflurane for 6 hours. Then, cells
were harvested for western blot analysis. The Expression of cleaved PARP and cleaved caspase 8 were
increased. The expression of procaspase 3 was reduced. Data are illustrated as meants.e.m (n=4).
**p<0.01, ***P<0.001. Data are analysed by one-way ANOVA followed by Bonferroni’s post-hoc test
Sevo: 3.6% of sevoflurane. b) NALM-6 cells were treated with 3.6% sevoflurane for 6 hours. Then, cells
were harvested for western blot analysis. The expression of pro caspase 3 was not affected, indicating
sevoflurane alone did not induce apoptosis (n=4).
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Figure 7.7 OPN regulates the chemoresistance of NALM-6 cells

a) NALM-6 cells were treated with 200ng/ml human recombinant OPN and Ara-C (0.05 to 100uM) for
6 hours. Then, cell viability analysis was carried out by flow cytometry. Human OPN alone did not
affect the viability of NALM-6 cells. Data are illustrated as meants.e.m (n=4). *P<0.05, ***P<0.001 vs
Ara-C. Data are analysed by two-way ANOVA followed by Bonferroni’s post-hoc test. b) NALM-6 cells
were treated with OPN siRNA initially. Then, siRNA treated cells were treated with Ara-c (0.05 to
100uM) for 6 hours. After treatment, cell viability analysis was carried out by flow cytometry. OPN
siRNA did not affect the viability of NALM-6 cells. Data are shown as meants.e.m (n=4). *P<0.05,
**P<0.01, ***P<0.001 vs Ara-C. Data are analysed by two-way ANOVA followed by Bonferroni’s post-
hoc test.
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CHAPTER 8

Final Discussion
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8.1 Summary of the findings

This study is the first of its kind to investigate the effects of general anaesthetics on human ALL in vitro
and in vivo. Sevoflurane and propofol were shown to significantly reduce proliferation as determined
ki-67 expression and flow cytometry, CXCR4 expression, migration and OPN secretion in vitro. In
addition, both anaesthetics strongly affected the migration and homing of GFP-NALM-6 cells in vivo.
Upon further investigation, we found that proliferation, CXCR4 expression, migration and the OPN
expression were reduced in ALL cells in vitro after the treatment of HIF-1a siRNA. These results
suggested that HIF-1a mediated pathways might be responsible for anaesthetics induced molecular
changes in ALL cells in vitro.

Propofol was shown to reduce the phosphorylation of AKT and ERK. Sevoflurane reduced the
phosphorylation of ERK only. General anaesthetics may reduce the expression of HIF-1a through
inhibition of PI3K-AKT and ERK pathways. Results are summarised in Figure 8.1.

Chemoresistance study revealed that sevoflurane and propofol exhibited a synergistic effect with Ara-
c in vitro, as general anaesthetics did not induce apoptosis themselves. The caspase-dependent
apoptotic pathways were likely responsible for such effects.

The serum level of leukaemia cells derived OPN was shown to correlate with disease progression in
vivo.

In addition to HIF-1la mediated mechanisms, we also identified that OPN might regulate some
molecular pathways in leukaemia cells. We found that leukaemia cells secreted OPN formed an auto
feedback loop with HIF-1a and regulated CXCR4 expression, migration and chemoresistance in vitro

(Figure 8.2).

8.2 Molecular mechanisms responsible for general anaesthetics induced effects

8.2.1 HIF-1a

The role of HIF-1a in leukaemia is still under investigation. Limited evidence showed increased HIF-1a
in human B cell ALL samples was associated with increased angiogenesis and poor outcome!???, In
addition, increased HIF-1a caused an increase in the potential of invasion and migration®*). Enhanced
chemoresistance was found with HIF-1a overexpression®>®. Our results indicated a reduction of HIF-
la resulted in the decrease of migration of ALL cells in vitro and in vivo. However, a reduction of HIF-
1la was not correlated with decreased chemoresistance. Further investigation is still needed.

We found, unexpectedly, both IV and inhalational general anaesthetics reduced the protein
expression of HIF-la. However, most publications demonstrated IV anaesthetics reduced HIF
expression whereas inhalational anaesthetics increased HIF expression® 1%, The exact reason for the

contrasting phenomena is not known but is likely due to molecular actions and unique types of surface
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receptor responding to anaesthetics on different cancer cells. Currently, both propofol and
sevoflurane are thought to exert their effects on GABA receptors®?** 22 Sevoflurane enhances the
amplitude of responses to low concentrations of GABA and prolongs the duration of GABA mediated
synaptic inhibition?®. Propofol potentiates GABA responses and directly activates GABAAR function
by binding to all a, B and y subunits of GABAAR??®). Propofol has also been shown to inhibit voltage-
gated sodium channel NaChBac at multiple sites in bacteria®®”) and in nerve terminals isolated from
rat neurohypophysis??®). The anaesthetic binding receptors on cancer cells are yet to be accurately
identified for propofol and sevoflurane. The discovery of anaesthetic binding receptors may hold the
key to predict the molecular changes induced by anaesthetics. Importantly, it seems a relatively
common phenomenon for general anaesthetics to modulate HIF-1a expression across various cancer
cell types originated from different tumours in distinct anatomical locations. It is reasonable to assume
a generic family of receptor is responsible for such an effect induced by general anaesthetics.

The results we obtained from the anaesthetic recovery time are intriguing. The action of propofol was
shown to be short-lived (<24 hours). We then further demonstrated propofol caused a temporary
reduction in phosphorylation of ERK and AKT. Sevoflurane, on the other hand, was shown to have a
long suppressive effect on the expression of HIF-1la protein even with a short initial exposure.
According to our results, sevoflurane acted as a strong inhibitor of ERK phosphorylation with over 24
hours of inhibitory effect.

One publication!*3® demonstrated that general anaesthetics did not affect the degradation pathway
of HIF. Therefore, we did not investigate HIF-1a protein degradation pathways. There are mainly three
pathways leading to HIF-1a protein expression. We found, of all three pathways, only STAT3-JAK was
not affected by both sevoflurane and propofol. The phosphorylation of PI3K-AKT and MAPK-ERK were
shown to be reduced by general anaesthetics. Several publications agreed with those findings!* 22°23%),
These results indicate that PI3K-AKT and MAPK-ERK pathways may play a role in the inhibitory effect
of anaesthetics on HIF-1a expression. Additional experiments involving ERK and AKT inhibitors are
needed to confirm that those two pathways are, indeed, responsible for the inhibitory effect of
general anaesthetics on HIF-1 a expression.

In addition to HIF-1a, we also studied the expression HIF-1R. It combines with HIF-1a to form a
heterodimer which binds to the promoter region of the target gene. Like most publications, we did
not find any significant difference in HIF-1R expression after anaesthetic treatment. In addition to HIF-
1la, some publications found HIF-2a was upregulated upon treatment of isoflurane and led to more
malignant RCC phenotypes in vitro%® 232 Although the role of HIF-2a in leukaemia is not well defined,
it would be interesting to investigate whether general anaesthetics may affect expression of HIF-2a in

ALL cells in the future study.
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8.2.2 Proliferation

In our study, we found both propofol and sevoflurane reduced the proliferation of NLAM-6 cells in
HIF-1a mediated pathway. In addition, we established proliferation was positively correlated with HIF-
la in B-ALL cells. The role of HIF-1a in the proliferation of haematological cells is complex. On one
hand, there is clear evidence that HIF-1a stabilisation in hemopoietic stem cells reduces cycling,
proliferation and trafficking in vivo®®®. Essentially, with increased HIF-la protein synthesis,
hemopoietic stem cells commit cellular quiescence and it has been shown to be vital in maintaining
the stem cell pool?®®). On the other hand, experiments on ALL cell lines showed increased HIF-1a
activated Notch 1 signalling and eventually led to accelerated cell proliferation(?*.

The techniques we deployed to investigate the proliferation were flow cytometry and ki-67 staining.
Those two techniques are classical and accurate ways to detect cell proliferation. In addition to those
two techniques, we may assess the expression of cyclin D and cyclin E in future experiments to confirm

existing results.

8.2.3 CXCR4

The important role of CXCR4 in migration and homing of ALL cells has been investigated extensively*3*
235 236) Tavor et al showed CXCR4-SDF-1 axis was responsible for the migration of leukaemia cells in
vivo®®. In addition, ablation of CXCR4 resulted in poor engraftment of leukaemia cells in vivo but
neutralisation of CXCR4 did not affect engraftment of human progenitors?3®). A few years later, spikins
et al found that the homing of ALL cells in BM was entirely dependent on CXCR4(?3%),

Our in vitro data exhibited clearly that both propofol and sevoflurane reduced migration of leukaemia
cells. Many current publications suggest that propofol reducs migration and invasion of cancer cells
(169, 170, 186, 188, 237, 238) However, existing data on sevoflurane and migration is more complex with
contrasting evidence. Ecimovic P et al demonstrated that sevoflurane potentially increased migration
of breast cancer cells in vitro™®). Gao C et al recently illustrated that sevoflurane inhibited migration
and invasion of glioma cells in vitro ?39,

The mechanism by which general anaesthetics affect migration is under investigation in different
cancer models. We found that general anaesthetics reduce migration of leukaemia cells via decreasing
surface CXCR4 expressions. Published data on an ovarian cancer model stated otherwise. Iwasaki M
et al found that volatile general anaesthetics (isoflurane, sevoflurane and desflurane) strongly
increased CXC4 receptor expression and migration of ovarian cancer cells*??),

We found CXCR4 was a downstream target of HIF-1a. This pathway has been implicated in leukaemia

and other cancer types. Valsecchi R et al showed HIF-1la was upstream of CXCR4 in chronic

lymphoblastic leukaemia (CLL) and it regulated interactions between CLL cells and stromal
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compartments through CXCR42*%, Furthermore, a recent publication demonstrated that CXCR4 and
HIF-1a formed a feed-forward loop in RCC cancer and the feed-forward loop promoted metastasis!*®%.
In their model, the nuclear translocation of CXCR4 enhanced transcriptional gene expression of HIF-
10*®¥. Enhanced HIF-1a led to an increase in CXCR4 expression.

In addition to CXCR4, we also studied other receptors include VEGF receptor and glucose receptor
(GLUT-1) (data not shown). However, only CXCR4 was responsive to the treatment of general
anaesthetics.

Our in vitro data of migration were successfully validated in vivo by using intravital microscopy. The in
vivo validation method (intravital microscopy) has not been seen in any previous publications
regarding the effect of general anaesthetics on migration. We initially attempted to stain NALM-6 cells
with PE-CD19, APC-CD10 and DiD dye. However, the resolution of direct staining was relatively poor.
This rendered us to transduce NALM-6 cells with lentivirus packed GFP, which dramatically increased
the resolution of images.

As expected, propofol and sevoflurane pre-treated GFP-NALM-6 cells had a huge reduction in
migration displacement and migration speed. In addition, homing of leukaemia cells in BM was
disrupted by general anaesthetics. Data of in vivo homing assay from other publications did not use
the distance between an individual cell to nearest endosteal surface as a measure for homing
location!*3% 148 235 Thjs resulted in no tangible comparison in terms of homing locations in BM
between untreated cells and treated cells. The measurement of the distance between an individual
cell and stromal compartment (vessel and bone) was initially pioneered by my co-supervisor
(Professor Cristina Lo Celso)?*!). Distance measurement proved to be a more accurate means of
assessing homing location as it can provide a clear and tangible comparison between naive cells and

treated cells.

8.2.4 Osteopontin

OPN (or secreted phosphoprotein 1) is a secreted protein with a variety of functions. Its functions
include cell adhesion, migration, immune responses, tissue repair and bone minimisation. In BM, OPN
is a non-collagenous protein present in bone matrix. Initially, OPN is thought to be only secreted by
osteoblasts and stem cells***). However, both our results and a recent publication indicated that OPN
can be secreted by B-ALL cells™*®. In addition to this finding, we observed the serum level of OPN was
correlated with ALL disease progression (monitored by BM and blood samples). In AML patients, the
serum OPN level was shown to correlate with AML disease advancement and OPN predicted prognosis

and survival of AML patients(?%).
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Our in vitro data showed that both propofol and sevoflurane greatly reduced the secretion of OPN. A
recent publication showed the opposite data. They demonstrated sevoflurane increased OPN
expression in non-small cell lung cancer model®Y. The reason for this difference is likely due to
different cancer type but warrants further investigation.

A positive autofeedback loop between HIF-1a and OPN was also identified. Leukaemia cells derived
OPN was shown to increase HIF-1a protein synthesis via PI3K-AKT mediated mechanisms. A similar
loop was suggested in a breast cancer model. However, in the breast cancer model, the elevated OPN
expression was achieved through hypoxia only and it was in a HIF-1a independent manner®>®,
According to our data, OPN is a direct downstream target of HIF which was implicated in previous
clinical studies®?*?. We also found that OPN knocked down cells had a dramatic reduction in migration
and they were more sensitive to chemotherapy by Ara-C.

Taken together, all results suggested OPN, to some degree, positively regulated HIF-1a expression,
migration and chemoresistance of leukaemia cells.

The importance of our findings lies in the fact that OPN is not only a structural anchorage protein in
BM but also it acts as non-structural protein, activating protective mechanism for leukaemia cells.
Unfortunately, we did not study which integrin was responsible for OPN induced changes. NALM-6
cells do not have surface CD44 and they have a very low abundance of aV and a9R1 integrin**®). We
suspect that a4R1 is the most likely candidate. An in vitro interaction assay should be set up in the
future experiment to find the exact integrin OPN binds to.

In vivo replication of our results is very important. We propose to study the homing and migration in
OPN knocked out leukaemia cells by OPN shRNA in vivo. Furthermore, OPN knock out mice are used
to investigate whether stromal-derived OPN plays any part in the protective effect of OPN. Finally, we
propose to investigate whether an OPN specific inhibitor improves the outcome of ALL disease-

bearing mice and whether it can be used as a novel targeted treatment for ALL.

8.2.5 Chemoresistance

Resistance to chemotherapy is the major cause of relapse in leukaemia treatment. In ALL, every time
a patient has a relapse, the likelihood of subsequent remission is reduced by half.

In my PhD project, we studied the apoptosis pathways associated with Ara-C induced cell death in
leukaemia cells and we discovered that general anaesthetics reduced leukaemia chemoresistance in
vitro via potentiating caspase-based apoptosis. However, clinically relevant concentrations of propofol
and sevoflurane do not induce any form of cell death in leukaemia cells.

Mounting evidence from neuroprotection studies showed that propofol and sevoflurane have long

been associated with inducing apoptosis®?*32*>) on cells in CNS by activating both intrinsic and extrinsic
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pathways of apoptosis. In cancer models, propofol was shown to induce apoptosis in ovarian cancer
cells in vitro'?*®. Sevoflurane was also demonstrated to induce apoptosis in lung cancer cells in
vitro®*”. In terms of chemoresistance, one recent publication!” also indicated that propofol reduced
chemoresistance by increasing the cytochrome-c release in prostate cancer cells®. Another
publication showed opposite data with sevoflurane enhancing chemoresistance in non-small cell lung
cancer in vitro®?Y,

Future investigations are needed into this. It is interesting to investigate the role of HIF-1a in general
anaesthetic mediated chemoresistance of leukaemia cells. We did briefly consider the HIF-1a when
we studied the potential autophagy changes induced by general anaesthetics as autophagy is a known
downstream target of HIF-1a'?*®. Unfortunately, we were unable to observe autophagy induced by
general anaesthetics (data not shown) in ALL cells. Given the fact, OPN regulates chemoresistance in
ALL cells and OPN forms an auto feedback loop with HIF-1q, all indicating that the role of HIF-1a in
ALL chemoresistance is important.

The interaction between leukaemia cells and the stromal compartment in patients undergoing
chemotherapy is emerging as an important research topic. Recent research revealed novel
chemoresistance mechanism. Structural proteins e.g. OPN and members of cell adhesion molecules
family in BM matrix anchor cancer cells in distinct anatomic locations with poor perfusion, which
creates a physical barrier for chemotherapeutic agents™*® 249, |n ALL, OPN was identified as one of
those anchoring molecules**®. However, in this publication, the source of OPN was ambiguous as they
did not specify the origin of OPN (stromal-derived OPN or leukaemia derived OPN). According to our
data, OPN secretion is reduced by general anaesthetics. Therefore, we hypothesise that general
anaesthetics may alter the interaction between leukaemia cells and BM, thus making leukaemia cells
more accessible to chemotherapy. In order to test this hypothesis, we will develop a treatment
protocol consisting of chemotherapy and general anaesthetics for ALL disease-bearing mice. Then, we
analyse the distance between leukaemia cells and BM stromal compartments (e.g. blood vessels and
bone). The measurement data will be compared between general anaesthetics and chemotherapy-
treated mice and chemotherapy-treated only mice.

In addition, the source of OPN responsible for anchorage is currently unknown. In future experiments,
OPN knockout mice will be used to specify the source of OPN responsible for anchoring leukaemia

cells.

8.3 Clinical implication

Most of the evidence regarding which general anaesthetic is beneficial to the outcome of cancer

patients comes from pre-clinical and retrospective data. To this date, only one study is published with
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the primary outcome set as cancer recurrence®, It found that paravertebral block and propofol did
not reduce breast cancer recurrence after potentially curative surgery compared with sevoflurane and
opioids®,

In addition, there are a few ongoing trials investigating the question of which general anaesthetic is
beneficial to the outcome of cancer patients. More importantly, they use cancer survival outcome or
biomarkers associated with cancer prognosis as a primary or secondary outcome. Taking one trial as
an example: this particular study with trial identifier: NCT03005860 is studying the serum biomarkers
associated with breast cancer malignancy (include HIF-1a, VEGF, TGF, IL-17, IFN-g, TNF- a, IL-6 and
MMP2) after (blood taken 24 hours post-surgery) breast cancer surgery. 40 patients are randomly put
into propofol (total intravenous anaesthetics, TIVA) receiving group and sevoflurane receiving group.
The trial is still ongoing with no results published. Longer-term follow-up is still needed to evaluate
overall survival and occurrence of free survival in two groups receiving different general anaesthetics.
Currently, there is no guidance to anaesthetists on which anaesthetic is beneficial to cancer patients
in terms of cancer outcome. The use of anaesthetics is entirely down to each anaesthetist’s belief,
training and local capabilities. It is important we build upon our existing data and push for well-
designed clinical trials. Ideally, anaesthetics should be stratified to different cancer patients according
to their effects on cancer cells to improve patient outcome.

However, as far as general anaesthetics and cancer are concerned, there are mainly 2 challenges

1) There are over 100 cancer types in general. It is unrealistic to understand the effects of general
anaesthetics on each one of them including subtypes in a relatively short time frame. According to
WHO classification, there are 13 subtypes just in ALL with each one having its own genetic
abnormalities'?®?. Each subtype with different genetic abnormalities may have different responses to
general anaesthetics.

2) Anaesthetics and other drugs are usually given in combination to achieve analgesia, amnesia,
immobility, hypnosis and paralysis. No single anaesthetic can achieve all 5 properties. This combined
use of anaesthetics may buffer each other’s effects on cancer cells. For example, opioids are
commonly used during surgery and procedures with general anaesthetics and they have been shown
to influence cancer malignancy and metastasis*'®. One recent publication demonstrated that
morphine increased cellular proliferation of Lewis lung carcinoma cells in vitro via the p-opioid
receptor®®Y. One retrospective review® demonstrated the benefits of TIVA over inhalational general
anaesthetics in breast cancer patients. However, it is not clear whether the source of the benefit arises
directly from the avoidance of opioids in the TIVA group or an added benefit afforded by TIVA.

The clinical importance of our work is clear. Many ALL patients receive general anaesthetics 2-3 times

per week during treatment. It provides sufficient opportunities for general anaesthetics to have
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contact with leukaemia cells in the blood and BM. Importantly, our chemoresistance data showed
synergistic effects between general anaesthetics and Ara-C. This result is particularly useful in a clinical
setting. In leukaemia, intrathecal chemotherapy requires frequent use of general anaesthetics®>?.

We hope the results from this PhD project can inspire further research into this important yet
neglected research area. More importantly, we hope our data may encourage clinical trials in the near

future and possibly modify clinical practice.
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Figure 8.1 General anaesthetics may reduce HIF-1a through MAPK-ERK and PI3K-AKT pathways
Two HIF-1a upstream pathways are usually mutated in B-ALL cells. Consistent activation of those two
pathways contribute to elevated level of HIF-1a. Propofol inhibits the phosphorylation of both AKT
and ERK 1/2. However, sevoflurane only inhibits the phosphorylation of ERK1/2. HIF-1R expression
and HIF-1a protein degradation are not affected by general anaesthetics. HIF siRNA experiemts reveal
that proliferation, migration and osteopontin expression are downstream targets of HIF-1a in B-ALL
cells. It is not clear whether molecular pathways associated with chemoresistance is a downstream
target of HIF-1a. General anaesthetics reduce proliferation, migration, osteopontin expression and
chemoresistance in B-ALL cells. The inhibitory effect of general anaesthetics on proliferation,
migration and osteopontin expression may be due to HIF-1a mediated mechanisms.
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Figure 8.2 Osteopontin forms an auto feedback loop with HIF-1a

OPN secreted by neighbouring leukaemia cells and self-secreted OPN activate PI3K by phosphorylating
AKT. The phosphorylation of AKT leads to an increased gene transcription of HIF-1a which then, leads
to an increased secretion of OPN. In addition to OPN, the increased expression of HIF-1a activates
many other downstream targets. However, we cannot specific which surface receptor is responsible
for OPN binding. In addition, we do not know whether stromal derived OPN contribute to this process.
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Appendix

Results from this thesis is being submitted for publication.
Two memory sticks are submitted to two examiners. Information in these two memory sticks include
1) 3 examples of time lapses captured by intravital microscopy.

2) 3 examples of tile scans captured by intravital microscopy.
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